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Outline

Last year has been a very good one for the CMB
9 year results from WMAP (will hear about from Eiichiro
Komatsu)
Results from SPT and ACT (talk by Sudeep Das)
Release of first cosmology results from Planck
Will devote a good fraction of today’s talk to the Planck results,
and there’s also a talk on the Planck mission and cosmology
results from Carlo Burigana — we have attempted to coordinate
between these!
Other thing I will highlight, since promises very interesting
progress soon on ‘tensor modes’, is South Pole BICEP
experiment



The cosmic microwave background

The Cosmic Microwave Background (CMB) was emitted at about
300,000 years after the big bang and has been propagating to us
ever since
Embedded within it are the ‘seed fluctuations’, which go on to
form galaxies and clusters of galaxies
Going backwards in time, believe these seeds were laid down
about about 10−36 seconds after the big bang as quantum
fluctuations during inflation



Inflation and the fluctuations

Inflation boosts the perturbations
to such a large scale that they lie
outside the horizon scale (c/H)
at very early times

Equivalently, in comoving terms
(divide by the scale factor R),
inflation shrinks the comoving
horizon, and perturbation scales
which start inside (happily
oscillating) then move outside
and freeze

Only re-enter the horizon and
start to feel their own self-gravity
(which for baryons and photons
leads to oscillations), quite late
(not long before recombination),
and each mode when it re-enters
effectively starts from rest
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This ‘phases up’ the fluctuations leading
to a series of distinct peaks in the power
spectrum



CMB Power spectra

Scalar (matter and radiation
density) perturbations

Tensor (gravity wave)
perturbations



Gravity waves

Express the amplitude of gravity waves coming from inflation,
relative to scalar modes from inflation, via their ratio r at some
fiducial comoving wavenumber (typically low, e.g.
k = 0.001Mpc−1)
Key point is that if we decompose CMB polarization vector field
on sky into a potential part E and curl part B (both of which are
rotationally invariant, unlike Q and U Stokes parameters), the
only primordial source of B are gravity waves!
What would a detection of primordial gravity waves tell us?
Strong evidence that inflation happened
Find

r = 0.008
(

Einf

1016 GeV

)4

Thus detectable gravity waves (r > 0.01 say) would mean
inflation occurred at the GUT scale
We would then be accessing particle physics at a scale about at
least 1012 higher than those achievable at LHC



Planck Cosmology Results
The scientific results from Planck are a product of the Planck Collaboration,
including individuals from more than 100 scientific institutes in Europe, the USA
and Canada.
Planck is a project of the European Space Agency, with instruments provided by
two scientific Consortia funded by ESA member states (in particular the lead
countries: France and Italy) with contributions from NASA (USA), and telescope
reflectors provided in a collaboration between ESA and a scientific Consortium
led and funded by Denmark.
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Planck Cosmology Results

28 papers plus associated data
products released Mar 21
Made headlines around the world,
including front page of the NY Times
Broad overview of results would be:
Spectacular overall agreement with a
simple 6-parameter ΛCDM
cosmology
But with some hints of departures in
places
And some tensions with other results



Planck Cosmology Results
Planck has produced a wonderful power spectrum of the
fluctuations in the CMB sky
Very big increase in accuracy (e.g. can now definitely say Dark
Energy and Dark Matter exist, just from primordial CMB alone)



The standard model

What are the parameters of the standard model?

Physical density in baryons
Ωbh2

(h = H0/100 km s−1 Mpc−1)
Physical density in cold dark
matter Ωch2

100× angular diameter of
sound horizon at last
scattering 100θ∗
Optical depth due to
reionisation τ
Slope of the primordial power
spectrum of fluctuations ns

Amplitude of the primordial
power spectrum (at a given
scale) As

What is significance of detection?
50 million pixels, compress to
∼ 6 million spherical
harmonic coefficients, and
then to a power spectrum with
close to 2000σ worth of signal
All this well-fit by a model with
just 6 parameters!



Comparison with WMAP9
Planck Collaboration: Cosmological parameters
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Fig. 2. Comparison of the base ΛCDM model parameters for Planck+lensing only (colour-coded samples), and the 68% and 95%
constraint contours adding WMAP low-` polarization (WP; red contours), compared to WMAP-9 (Bennett et al. 2012; grey con-
tours).

matter density parameters, and DA depends on the late-time evo-
lution and geometry. Parameter combinations that fit the Planck
data must be constrained to be close to a surface of constant θ∗.
This surface depends on the model that is assumed. For the base
ΛCDM model, the main parameter dependence is approximately
described by a 0.3% constraint in the three-dimensional Ωm–h–
Ωbh2 subspace:

Ωmh3.2(Ωbh2)−0.54 = 0.695 ± 0.002 (68%; Planck). (11)

Reducing further to a two-dimensional subspace gives a 0.6%
constraint on the combination

Ωmh3 = 0.0959 ± 0.0006 (68%; Planck). (12)

The principle component analysis direction is actually Ωmh2.93

but this is conveniently close to Ωmh3 and gives a similar con-
straint. The simple form is a coincidence of the ΛCDM cos-
mology, error model, and particular parameter values of the

model (Percival et al. 2002; Howlett et al. 2012). The degener-
acy between H0 and Ωm is illustrated in Fig. 3: parameters are
constrained to lie in a narrow strip where Ωmh3 is nearly con-
stant, but the orthogonal direction is much more poorly con-
strained. The degeneracy direction involves consistent changes
in the H0, Ωm, and Ωbh2 parameters, so that the ratio of the sound
horizon and angular diameter distance remains nearly constant.
Changes in the density parameters, however, also have other
effects on the power spectrum and the spectral index ns also
changes to compensate. The degeneracy is not exact; its extent
is much more sensitive to other details of the power spectrum
shape. Additional data can help further to restrict the degeneracy.
Figure 3 shows that adding WMAP polarization has almost no ef-
fect on the Ωmh3 measurement, but shrinks the orthogonal direc-
tion slightly from Ωmh−3 = 1.03 ± 0.13 to Ωmh−3 = 1.04 ± 0.11.
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Planck Cosmology Results

Some hints of departures from
simplest expectations on large
scales
Low-` spectrum about 5–10% lower
than expected cf. to best fit ΛCDM
model at about 3σ significance
Also H0 from CMB now discrepant
with recent HST + Spitzer
determinations at about 2.5σ level
(Universe has got slightly older
Planck about 40 Myr > WMAP9
value.)
Some hints from SPT data for an
extra neutrino species don’t seem to
be supported (though such a thing
could help reconcile Planck H0
determinations with others)

Planck collaboration: CMB power spectra & likelihood

Table 9. Results of the Hausman test applied to the temperature
power spectrum for 2 ≤ ` ≤ 32.

Data set sobs1 P(s1 < sobs1 )
[%]

Commander . . . . . -0.647 0.73
NILC . . . . . . . . . -0.649 0.73
SEVEM . . . . . . . . -0.804 0.50
SMICA . . . . . . . . -0.589 1.33
WMAP9 ILC . . . . -0.234 7.18

Planck temperature power spectrum appears to be in some ten-
sion with the best-fit Planck ΛCDM model, which for Planck is
almost exclusively determined by the small-scale spectrum. In
this section we assess the significance and impact of this tension
between low and high `s using three different statistical tests.

We start by applying a modified Hausman test (Polenta et al.
2005; Planck Collaboration II 2013) to the low-` spec-
tra derived from the four foreground-cleaned Planck maps
(Planck Collaboration XII 2013) and the 9-year WMAP ILC
map, using multipoles up to `max = 32. This test uses the statistic
s1 = supr B(`max, r), where

B(`max, r) =
1√
`max

int(`maxr)∑

`=2

H`, r ∈ [0, 1] (29)

H` =
Ĉ` −C`√

Var Ĉ`

, (30)

and Ĉ` and C` denote the observed and model power spec-
tra, respectively. Intuitively, this statistic measures the relat-
ive bias between the observed spectrum and model, meas-
ured in units of standard deviations, while taking into account
the so-called “look-elsewhere effect” by maximizing s1 over
multipole ranges. We use realistic Planck ‘FFP6’ simulations
(Planck Collaboration I 2013) to derive the empirical distribu-
tion of s1 under the null hypothesis. Figure 38 compares the res-
ults obtained from the data with the simulation distribution, and
Table 9 lists significances. As measured by this statistic, we see
that a negative bias is found in the low-` Planck power spectrum
relative to the ΛCDM model at the 99% confidence level.

For the WMAP ILC map the significance of the negative bias
nominally decreases to 93%. This is consistent with the find-
ings in Sect. 8.3, where it was shown that the WMAP temperat-
ure power spectrum is 2.5–3 % higher than the Planck spectrum
at low `’s. However, as discussed in Planck Collaboration XI
(2013), a similar amplitude difference between the two exper-
iments is also seen at smaller scales. Since the current test com-
pares the observed WMAP data with the best-fit Planck ΛCDM
model, the present test is not optimal for assessing internal con-
sistency between low and high `s within the WMAP data.

Next, to obtain a quantitative measure of the relative power
discrepancy between low and high `s, we fit the two-parameter
amplitude–tilt power spectrum model (see Sect. 8.1.2) to the
Planck data using the low-` likelihood restricted to various mul-
tipole ranges defined by 2 ≤ ` ≤ `max, where `max is allowed to
vary. Thus, this measures the amplitude of the low-` spectrum
relative to the best-fit Planck ΛCDM spectrum, which is driven
by the smaller angular scales. Figure 39 shows the resulting con-
straints on the power spectrum amplitude, q, as a function of
`max, after marginalizing over the tilt, n. For comparison, we also
show similar constraints derived using the low-` WMAP temper-
ature likelihood up to ` = 30. The best-fit amplitude is q ∼ 0.9
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Figure 38. Results of the Hausman test applied to the temperat-
ure power spectrum for 2 ≤ ` ≤ 32. The black histogram shows
the expected distribution, estimated with simulations, of the s1
test statistic. The vertical bars represent Planck CMB maps and
the 9-year WMAP ILC map. Note that the statistic is indistin-
guishable for the NILC and Commander maps.

20 30 40 50
Maximum multipole moment, `max

0.
8

0.
9

1.
0

1.
1

B
es

t-
fi

t
am

pl
it

ud
e,

A

Planck

WMAP

Figure 39. Power spectrum amplitude, q, relative to the best-fit
Planck model as a function of `max, as measured by the low-`
Planck and WMAP temperature likelihoods, respectively. Error
bars indicate 68 and 95% confidence regions.

for `max = 20–35, different from unity at a statistical signific-
ance of 2–2.5σ by this measure. The WMAP spectrum shows
a consistent behaviour, up to the same overall scaling factor of
2.5–3% between Planck and WMAP discussed above. We have
verified that these results are insensitive to the (well-known) low
quadrupole moment by excluding C2 from the analysis; the large
cosmic variance of this particular mode results in a low overall
statistical weight in the fit.

Finally, we assess the impact of the low-` power deficit on
the ΛCDM model estimated using the Planck likelihood11 (aug-
mented with the WMAP polarisation likelihood). We fit a low-`
rescaling amplitude, Alow for ` < `low jointly with the ΛCDM
parameters, i.e., C` = AlowCΛCDM

`
for ` < `low and C` = CΛCDM

`

11 We have verified that the following results are insensitive to
whether Plik or CamSpec are used for the high-` likelihood.
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Table 8. Approximate constraints with 68% errors on Ωm and
H0 (in units of km s−1 Mpc−1) from BAO, with ωm and ωb fixed
to the best-fit Planck+WP+highL values for the base ΛCDM
cosmology.

Sample Ωm H0

6dF . . . . . . . . . . . . . . . . . . . . . . . . . 0.305+0.032
−0.026 68.3+3.2

−3.2
SDSS . . . . . . . . . . . . . . . . . . . . . . . 0.295+0.019

−0.017 69.5+2.2
−2.1

SDSS(R) . . . . . . . . . . . . . . . . . . . . . 0.293+0.015
−0.013 69.6+1.7

−1.5
WiggleZ . . . . . . . . . . . . . . . . . . . . . 0.309+0.041

−0.035 67.8+4.1
−2.8

BOSS . . . . . . . . . . . . . . . . . . . . . . . 0.315+0.015
−0.015 67.2+1.6

−1.5
6dF+SDSS+BOSS+WiggleZ . . . . . . 0.307+0.010

−0.011 68.1+1.1
−1.1

6dF+SDSS(R)+BOSS . . . . . . . . . . . 0.305+0.009
−0.010 68.4+1.0

−1.0
6dF+SDSS(R)+BOSS+WiggleZ . . . . 0.305+0.009

−0.008 68.4+1.0
−1.0

surements constrain parameters in the base ΛCDM model, we
form χ2,

χ2
BAO = (x − xΛCDM)T C−1

BAO(x − xΛCDM), (50)

where x is the data vector, xΛCDM denotes the theoretical pre-
diction for the ΛCDM model and C−1

BAO is the inverse covari-
ance matrix for the data vector x. The data vector is as fol-
lows: DV(0.106) = (457 ± 27) Mpc (6dF); rs/DV(0.20) =
0.1905 ± 0.0061, rs/DV(0.35) = 0.1097 ± 0.0036 (SDSS);
A(0.44) = 0.474 ± 0.034, A(0.60) = 0.442 ± 0.020, A(0.73) =
0.424±0.021 (WiggleZ); DV(0.35)/rs = 8.88±0.17 (SDSS(R));
and DV(0.57)/rs = 13.67±0.22, (BOSS). The off-diagonal com-
ponents of C−1

BAO for the SDSS and WiggleZ results are given
in Percival et al. (2010) and Blake et al. (2011). We ignore any
covariances between surveys. Since the SDSS and SDSS(R) re-
sults are based on the same survey, we include either one set of
results or the other in the analysis described below, but not both
together.

The Eisenstein-Hu values of rs for the Planck and WMAP-9
base ΛCDM parameters differ by only 0.9%, significantly
smaller than the errors in the BAO measurements. We can obtain
an approximate idea of the complementary information provided
by BAO measurements by minimizing Eq. (50) with respect to
either Ωm or H0, fixing ωm and ωb to the CMB best-fit parame-
ters. (We use the Planck+WP+highL parameters from Table 5.)
The results are listed in Table 819.

As can be seen, the results are very stable from survey to
survey and are in excellent agreement with the base ΛCDM
parameters listed in Tables 2 and 5. The values of χ2

BAO are
also reasonable. For example, for the six data points of the
6dF+SDSS(R)+BOSS+WiggleZ combination, we find χ2

BAO =
4.3, evaluated for the Planck+WP+highL best-fit ΛCDM param-
eters.

The high value of Ωm is consistent with the parameter anal-
ysis described by Blake et al. (2011) and with the “tension” dis-
cussed by Anderson et al. (2013) between BAO distance mea-
surements and direct determinations of H0 (Riess et al. 2011;
Freedman et al. 2012). Furthermore, if the errors on the BAO
measurements are accurate, the constraints on Ωm and H0 (for
fixed ωm and ωb) are of comparable accuracy to those from
Planck.

19As an indication of the accuracy of Table 8, the full likelihood
results for the Planck+WP+6dF+SDSS(R)+BOSS BAO data sets give
Ωm = 0.308 ± 0.010 and H0 = 67.8 ± 0.8 km s−1 Mpc−1, for the base
ΛCDM model.

Fig. 16. Comparison of H0 measurements, with estimates of
±1σ errors, from a number of techniques (see text for details).
These are compared with the spatially-flat ΛCDM model con-
straints from Planck and WMAP-9.

The results of this section show that BAO measurements are
an extremely valuable complementary data set to Planck. The
measurements are basically geometrical and free from complex
systematic effects that plague many other types of astrophysical
measurements. The results are consistent from survey to survey
and are of comparable precision to Planck. In addition, BAO
measurements can be used to break parameter degeneracies that
limit analyses based purely on CMB data. For example, from
the excellent agreement with the base ΛCDM model evident in
Fig. 15, we can infer that the combination of Planck and BAO
measurements will lead to tight constraints favouring ΩK = 0
(Sect. 6.2) and a dark energy equation-of-state parameter, w =
−1 (Sect. 6.5).

Finally, we note that we choose to use the
6dF+SDSS(R)+BOSS data combination in the likelihood
analysis of Sect. 6. This choice includes the two most accu-
rate BAO measurements and, since the effective redshifts of
these samples are widely separated, it should be a very good
approximation to neglect correlations between the surveys.

5.3. The Hubble constant

A striking result from the fits of the base ΛCDM model to Planck
power spectra is the low value of the Hubble constant, which is
tightly constrained by CMB data alone in this model. From the
Planck+WP+highL analysis we find

H0 = (67.3±1.2) km s−1 Mpc−1 (68%; Planck+WP+highL).(51)

A low value of H0 has been found in other CMB experi-
ments, most notably from the recent WMAP-9 analysis. Fitting
the base ΛCDM model, Hinshaw et al. (2012) find

H0 = (70.0 ± 2.2) km s−1 Mpc−1 (68%; WMAP-9), (52)

consistent with Eq. (51) to within 1σ. We emphasize here that
the CMB estimates are highly model dependent. It is important
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Gravitational lensing
From Karim Benabed talk at Planck 2013 ESLAB Meeting

CMB lensing reconstruction
T̂ (~✓) = T (~✓ + ~r�) ⇡ T (~✓) + ~r� · ~rT (~✓) + ...

10º

Unlensed



Gravitational lensing
From Karim Benabed talk at Planck 2013 ESLAB Meeting

CMB lensing reconstruction

10º

T̂ (~✓) = T (~✓ + ~r�) ⇡ T (~✓) + ~r� · ~rT (~✓) + ...

Lensed



Gravitational lensingPlanck map of the large scale structures

North South

According to our reconstruction of the lensing effect
25sigma detection

Almost full sky map of LSS at z~2Maps of integrated Newtonian potential between here and last
scattering surface
Represents 25σ detection of lensing!
Use power spectrum of this to generate a lensing likelihoodCosmology - II

Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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Fig. 15. Two views of the geometric degeneracy in curved ⇤CDM models which is partially broken by lensing. Left: the degeneracy
in the⌦m-⌦⇤ plane, with samples from Planck+WP+highL colour coded by the value of H0. The contours delimit the 68% and 95%
confidence regions, showing the further improvement from including the lensing likelihood. Right: the degeneracy in the ⌦K-H0
plane, with samples colour coded by ⌦⇤. Spatially-flat models lie along the grey dashed lines.

constraint. We see that the CMB alone now constrains the ge-
ometry to be flat at the percent level. Previous constraints on
curvature via CMB lensing have been reported by SPT in com-
bination with the WMAP-7 data:⌦K = �0.003+0.014

�0.018 (68%; Story
et al. 2012). This constraint is consistent, though almost a factor
of two weaker, than that from Planck. Tighter constraints on cur-
vature result from combining the Planck data with other astro-
physical data, such as baryon acoustic oscillations, as discussed
in Planck Collaboration XVI (2013).

Lensing e↵ects provide evidence for dark energy from the
CMB alone, independent of other astrophysical data (Sherwin
et al. 2011). In curved⇤CDM models, we find marginalised con-
straints on ⌦⇤ of

⌦⇤ = 0.57+0.073
�0.055 (68%; Planck+WP+highL)

⌦⇤ = 0.67+0.027
�0.023 (68%; Planck+lensing+WP+highL).

Again, lensing reconstruction improves the errors by more than
a factor of two over those from the temperature power spectrum
alone.

6.1.4. Neutrino masses

The unique e↵ect in the unlensed temperature power spectrum
of massive neutrinos that are still relativistic at recombination
is small. With the angular scale of the acoustic peaks fixed
from measurements of the temperature power spectrum, neutrino
masses increase the expansion rate at z > 1 and so suppress clus-
tering on scales larger than the horizon size at the non-relativistic
transition (Kaplinghat et al. 2003). This e↵ect reduces C��

L for
L > 10 (see Fig. 12) and gives less smoothing of the acoustic
peaks in CTT

` . As discussed in Planck Collaboration XVI (2013),
the constraint on

P
m⌫ from the Planck temperature power spec-

trum (and WMAP low-` polarization) is driven by the smoothing
e↵ect of lensing:

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

Curiously, this constraint is weakened by additionally including
the lensing likelihood to

X
m⌫ < 0.85 eV, (95%; Planck+WP+highL),

reflecting mild tensions between the measured lensing and tem-
perature power spectra, with the former preferring larger neu-

trino 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 features in
the measured CTT

` on large scales (` < 40) and small scales
` > 2000 that are not fit well by the ⇤CDM+foreground model.
As regards C��

L , Fisher estimates show that the bandpowers in
the range 130 < L < 309 carry most of the statistical weight
in determining the marginal error on

P
m⌫, and Fig. 12 reveals

a preference for high
P

m⌫ from this part of the spectrum. (We
have checked that removing the first bandpower from the lensing
likelihood, which is the least stable to data cuts and the details
of foreground cleaning as discussed in Sect. 7, has little impact
on our neutrino mass constraints.) We also note that a similar
trend for lower lensing power than the ⇤CDM expectation on
intermediate scales is seen in the ACT and SPT measurements
(Fig. 11). Adding the high-L information to the likelihood weak-
ens the constraint further, pushing the 95% limit to 1.07 eV. This
is consistent with our small-scale measurement having a signifi-
cantly lower amplitude. At this stage it is unclear what to make
of this mild tension between neutrino mass constraints from the
4-point function and those from the 2-point, and we caution
over-interpreting the results. We expect to be able to say more
on this issue with the further data, including polarization, that
will be made available in future Planck data releases.

6.2. Correlation with the ISW Effect

As CMB photons travel to us from the last scattering surface,
the gravitational potentials that they traverse may undergo a non-
negligible amount of evolution. This produces a net redshift or
blueshift of the photons concerned, as they fall into and then
escape from the evolving potentials. The overall result is a con-
tribution to the CMB temperature anisotropy known as the late-
time integrated Sachs-Wolfe (ISW) e↵ect, or the Rees-Sciama
(R-S) e↵ect depending on whether the evolution of the poten-
tials concerned is in the linear (ISW) or non-linear (R-S) regime
of structure formation (Sachs & Wolfe 1967; Rees & Sciama
1968). In the epoch of dark energy domination, which occurs af-
ter z ⇠ 0.5 for the concordance ⇤CDM cosmology, large-scale
potentials tend to decay over time as space expands, resulting
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Fig. 12. Upper left: Planck measurements of the lensing power spectrum compared to the ⇤CDM mean prediction and 68% con-
fidence interval (dashed lines) for models fit to Planck+WP+highL (see text). The eight bandpowers are those used in the Planck
lensing likelihood; they are renormalized, along with their errors, to account for the small di↵erences between the lensed CTT

` in
the best-fit model and the fiducial model used throughout this paper. The error bars are the ±1� errors from the diagonal of the
covariance matrix. The colour coding shows how C��

L varies with the optical depth ⌧ across samples from the ⇤CDM posterior
distribution. Upper right: as upper-left but using only the temperature power spectrum from Planck. Lower left: as upper-left panel
but in models with spatial curvature. The colour coding is for ⌦K . Lower right: as upper-left but in models with three massive
neutrinos (of equal mass). The colour coding is for the summed neutrino mass

P
m⌫.

constrained only by the Planck temperature power spectrum is
illustrated in the upper-right panel of Fig. 12, and suggests that
the direct C��

L measurements may be able to improve constraints
on ⌧ further. This is indeed the case, as shown in Fig. 13 where
we compare the posterior distribution of ⌧ for the Planck temper-
ature likelihood alone with that including the lensing likelihood.
We find

⌧ = 0.097 ± 0.038 (68%; Planck)
⌧ = 0.089 ± 0.032 (68%; Planck+lensing).

At 95% confidence, we can place a lower limit on the optical
depth of 0.04 (Planck+lensing). This very close to the optical
depth for instantaneous reionization at z = 6, providing further
support for reionization being an extended process.

The ⌧ constraints via the lensing route are consistent with,
though weaker, than those from WMAP polarization. However,
since the latter measurement requires very aggressive cleaning
of Galactic emission (see e.g. Fig. 17 of Page et al. 2007), the
lensing constraints are an important cross-check.

6.1.2. Effect of the large and small scales on the
six-parameter ⇤CDM model

Before exploring the further parameters that can be constrained
with the lensing likelihood, we test the e↵ect on the ⇤CDM
model of adding the large-scale (10  L  40) and small-scale
(400  L  2048) lensing data to our likelihood. Adding addi-
tional data will produce random shifts in the posterior distribu-
tions of parameters, but these should be small here since the mul-
tipole range 40  L  400 is designed to capture over 90% of the
signal-to-noise (on an amplitude measurement). If the additional
data is expected to have little statistical power, i.e., the error bars
on parameters do not change greatly, but its addition produces
large shifts in the posteriors, this would be symptomatic either
of internal tensions between the data or an incorrect model.

In Fig. 14, we compare the posterior distributions of the
⇤CDM parameters for Planck+WP+highL alone with those af-
ter combining with various lensing likelihoods. Adding our fidu-
cial lensing likelihood (second column) reduces the errors on pa-
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Breaking the geometrical degeneracy
2+fold improvement on the errorbar

3% precision determination of Dark Energy 
from CMB alone

Mild tension with neutrino masses
TT wants more lensing

TTTT wants less lensing

Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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Fig. 15. Two views of the geometric degeneracy in curved ⇤CDM models which is partially broken by lensing. Left: the degeneracy
in the⌦m-⌦⇤ plane, with samples from Planck+WP+highL colour coded by the value of H0. The contours delimit the 68% and 95%
confidence regions, showing the further improvement from including the lensing likelihood. Right: the degeneracy in the ⌦K-H0
plane, with samples colour coded by ⌦⇤. Spatially-flat models lie along the grey dashed lines.

constraint. We see that the CMB alone now constrains the ge-
ometry to be flat at the percent level. Previous constraints on
curvature via CMB lensing have been reported by SPT in com-
bination with the WMAP-7 data:⌦K = �0.003+0.014

�0.018 (68%; Story
et al. 2012). This constraint is consistent, though almost a factor
of two weaker, than that from Planck. Tighter constraints on cur-
vature result from combining the Planck data with other astro-
physical data, such as baryon acoustic oscillations, as discussed
in Planck Collaboration XVI (2013).

Lensing e↵ects provide evidence for dark energy from the
CMB alone, independent of other astrophysical data (Sherwin
et al. 2011). In curved⇤CDM models, we find marginalised con-
straints on ⌦⇤ of

⌦⇤ = 0.57+0.073
�0.055 (68%; Planck+WP+highL)

⌦⇤ = 0.67+0.027
�0.023 (68%; Planck+lensing+WP+highL).

Again, lensing reconstruction improves the errors by more than
a factor of two over those from the temperature power spectrum
alone.

6.1.4. Neutrino masses

The unique e↵ect in the unlensed temperature power spectrum
of massive neutrinos that are still relativistic at recombination
is small. With the angular scale of the acoustic peaks fixed
from measurements of the temperature power spectrum, neutrino
masses increase the expansion rate at z > 1 and so suppress clus-
tering on scales larger than the horizon size at the non-relativistic
transition (Kaplinghat et al. 2003). This e↵ect reduces C��

L for
L > 10 (see Fig. 12) and gives less smoothing of the acoustic
peaks in CTT

` . As discussed in Planck Collaboration XVI (2013),
the constraint on

P
m⌫ from the Planck temperature power spec-

trum (and WMAP low-` polarization) is driven by the smoothing
e↵ect of lensing:

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

Curiously, this constraint is weakened by additionally including
the lensing likelihood to

X
m⌫ < 0.85 eV, (95%; Planck+WP+highL),

reflecting mild tensions between the measured lensing and tem-
perature power spectra, with the former preferring larger neu-

trino 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 features in
the measured CTT

` on large scales (` < 40) and small scales
` > 2000 that are not fit well by the ⇤CDM+foreground model.
As regards C��

L , Fisher estimates show that the bandpowers in
the range 130 < L < 309 carry most of the statistical weight
in determining the marginal error on

P
m⌫, and Fig. 12 reveals

a preference for high
P

m⌫ from this part of the spectrum. (We
have checked that removing the first bandpower from the lensing
likelihood, which is the least stable to data cuts and the details
of foreground cleaning as discussed in Sect. 7, has little impact
on our neutrino mass constraints.) We also note that a similar
trend for lower lensing power than the ⇤CDM expectation on
intermediate scales is seen in the ACT and SPT measurements
(Fig. 11). Adding the high-L information to the likelihood weak-
ens the constraint further, pushing the 95% limit to 1.07 eV. This
is consistent with our small-scale measurement having a signifi-
cantly lower amplitude. At this stage it is unclear what to make
of this mild tension between neutrino mass constraints from the
4-point function and those from the 2-point, and we caution
over-interpreting the results. We expect to be able to say more
on this issue with the further data, including polarization, that
will be made available in future Planck data releases.

6.2. Correlation with the ISW Effect

As CMB photons travel to us from the last scattering surface,
the gravitational potentials that they traverse may undergo a non-
negligible amount of evolution. This produces a net redshift or
blueshift of the photons concerned, as they fall into and then
escape from the evolving potentials. The overall result is a con-
tribution to the CMB temperature anisotropy known as the late-
time integrated Sachs-Wolfe (ISW) e↵ect, or the Rees-Sciama
(R-S) e↵ect depending on whether the evolution of the poten-
tials concerned is in the linear (ISW) or non-linear (R-S) regime
of structure formation (Sachs & Wolfe 1967; Rees & Sciama
1968). In the epoch of dark energy domination, which occurs af-
ter z ⇠ 0.5 for the concordance ⇤CDM cosmology, large-scale
potentials tend to decay over time as space expands, resulting
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X
m⌫ < 0.85 eV, (95%; Planck+lensing+WP+highL),

X
m⌫ < 0.66 eV, (95%; Planck+WP+highL),
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Tension with clusters

Can also attempt to get parameters
like Ωm and σ8 (square root of
variance in 8Mpc spheres (derived
from spectrum amplitude etc.)) via
abundance of rich clusters
This done in paper taking a sample
189 Planck clusters with good
ancillary information
Key difficulty is understanding the
bias b in the relation between mass
inferred from SZ signal and true
cluster mass — can write
schematically as

MYX
500 = (1− b)Mtrue

500

1− b ≈ 0.8 is believable

Planck Collaboration: Cosmology from SZ clusters counts

Table 3. Constraints from clusters on σ8(Ωm/0.27)0.3.

Experiment CPPPa MaxBCGb ACTc SPT Planck SZ

Reference Vikhlinin et al. Rozo et al. Hasselfield et al. Reichardt et al. This work
Number of clusters 49+37 70810 15 100 189
Redshift range [0.025,0.25] and [0.35,0.9] [0.1,0.3] [0.2,1.5] [0.3,1.35] [0.0,0.99]
Median mass (1014h−1Msol) 2.5 1.5 3.2 3.3 6.0
Probe N(z,M) N(M) N(z,M) N(z,YX) N(z)
S/N cut 5 (N200 > 11) 5 5 7
Scaling YX–TX , Mgas N200–M200 several LX–M, YX YSZ–YX
σ8(Ωm/0.27)0.3 0.784 ± 0.027 0.806 ± 0.033 0.768 ± 0.025 0.767 ± 0.037 0.782 ± 0.010

a The degeneracy is σ8(Ωm/0.27)0.47.
b The degeneracy is σ8(Ωm/0.27)0.41.
c For ACT we choose the results assuming the universal pressure profile derived scaling law in this table (constraints with other scalings relations

are shown in Fig. 10).

the solid symbol and error bar. For SPT we show the “cluster-
only” constraints from Reichardt et al. (2012a). The two error
bars of the Planck SZ cluster red point indicate the statistical
and systematic (1 − b free in the range [0.7, 1.0]) error bars.
The figure thus shows good agreement amongst all cluster ob-
servations, whether in optical, X-rays, or SZ. Table 3 compares
the different data and assumptions of the different cluster-related
publications.

6.2. Consistency with the Planck y-map

In a companion paper (Planck Collaboration XXI 2013), we per-
formed an analysis of the SZ angular power spectrum derived
from the Planck y-map obtained with a dedicated component-
separation technique. For the first time, the power spectrum has
been measured at intermediate scales (50 ≤ ` ≤ 1000). The
same modelling as in Sect. 2 and Taburet et al. (2009, 2010)
has been used to derive best-fit values of Ωm and σ8, assum-
ing the universal pressure profile (Arnaud et al. 2010b), a bias
1−b = 0.8, and the best-fit values for other cosmological param-
eters from Planck Collaboration XVI (2013). The best model ob-
tained, shown in Fig. 7 as a dashed line, confirms the consistency
between the Planck SZ number counts and the signal observed
in the y-map.

6.3. Comparison with Planck primary CMB constraints

We now compare the Planck SZ cluster constraints to those from
the analysis of the primary CMB temperature anisotropies given
in Planck Collaboration XVI (2013). In that analysis σ8 is de-
rived from the standard six ΛCDM parameters.

The primary CMB constraints, in the (Ωm, σ8) plane, dif-
fer significantly from our constraints, in favouring higher val-
ues of each parameter, as seen in Fig. 11. This leads to a larger
number of predicted clusters than actually observed (see Fig. 7).
There is therefore some tension between the results from this
analysis and our own. Figure 10 illustrates this with a compar-
ison of three CMB analyses5 (Planck Collaboration XVI 2013;
Story et al. 2012; Hinshaw et al. 2012) with cluster constraints
in terms of σ8(Ωm/0.27)0.3.

5 For Planck CMB we derived the constraints from the chain corre-
sponding to column 1 of Table 2 of Planck Collaboration XVI (2013).
Note that the SPT results may be biased low by systematics, as dis-
cussed in the appendix of Planck Collaboration XVI (2013).
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0.76

0.80

0.84

0.88

σ
8

Fig. 11. 2D Ωm–σ8 likelihood contours for the analysis with
Planck CMB only (red); Planck SZ + BAO + BBN (blue); and
the combined Planck CMB + SZ analysis where the bias (1 − b)
is a free parameter (black).

It is possible that the tension results from a combination of
some residual systematics with a substantial statistical fluctu-
ation. Enough tests and comparisons have been made on the
Planck data sets that it is plausible that at least one discrepancy
at the two or three sigma level will arise by chance. Nevertheless,
it is worth considering the implications of the discrepancy being
real.

As we have discussed, the modelling of the cluster gas
physics is the most important uncertainty in our analysis, in
particular the mass bias (1 − b) between the hydrostatic and
true masses. While we have argued that the preferred value is
(1 − b) ' 0.8, with a plausible range from 0.7 to 1, a signifi-
cantly lower value would substantially alleviate the tension be-
tween CMB and SZ constraints. Performing a joint analysis us-
ing the CMB likelihood presented in Planck Collaboration XV
(2013) and the cluster likelihood of this paper, we find (1 − b) =
0.55± 0.06 and the black contours shown in Fig. 11 (in that case
(1 − b) was sampled in the range [0.1,1.5]). Such a large bias
is difficult to reconcile with numerical simulations, and cluster
masses estimated from X-rays and from weak lensing do not typ-
ically show such large offsets. Some systematic discrepancies
in the relevant scaling relations were, however, identified and
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(From ‘Planck 2013 results. XX.
Cosmology from SunyaevZeldovich
cluster counts’, arXiv:1303.5080)

However, to bring the cluster
count results into line with
what’s inferred from the
primordial CMB, need
1− b ≈ 0.55



Neutrino mass?

This is difficult from cluster physics
Can bridge gap if allow neutrino
mass — e.g. 1− b fixed to 0.8 then
gives

∑
mν = (0.58± 0.20) eV

If allow 1− b to vary in range 0.7 to
1.0 (probably more sensible) and add
in the Baryon Acoustic Oscillations
(BAO) constraints, result sharpens
up to

∑
mν = (0.22± 0.09) eV

Intriguing, but really need to
understand the cluster physics first

Planck Collaboration: Cosmology from SZ clusters counts
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Fig. 12. Cosmological constraints when including neutrino
masses

∑
mν from: Planck CMB data alone (black dotted line);

Planck CMB + SZ with 1−b in [0.7, 1] (red); Planck CMB + SZ
+ BAO with 1 − b in [0.7, 1] (blue); and Planck CMB + SZ with
1 − b = 0.8 (green).

studied in Planck Collaboration XII (2011), Sehgal et al. (2011),
Draper et al. (2012), and Biesiadzinski et al. (2012), based on
stacking analyses of X-ray, SZ, and lensing data for the very
large MaxBCG cluster sample, suggesting that the issue is not
yet fully settled from an observational point of view.

A different mass function may also help reconcile the ten-
sion. Mass functions are calibrated against numerical simula-
tions that may still suffer from volume effects for the largest ha-
los, as shown in the difference between the Tinker et al. (2008)
and Watson et al. (2012) mass functions. This does not seem suf-
ficient, however, given the results presented in Fig. 9.

Alternatively, the discrepancy may indicate the need to ex-
tend the minimal ΛCDM model that is used to generate the σ8
values. Any extension would need to modify the power spectrum
on the scales probed by clusters, while leaving the scales probed
by primary CMB observations unaffected. The inclusion of neu-
trino masses, quantified by their sum,

∑
mν, can achieve this (see

Marulli et al. 2011 for a review of how cosmological observa-
tions can be affected by the inclusion of neutrino masses). The
SPT collaboration (Hou et al. 2012) recently considered such a
possibility to mitigate their tension with WMAP-7 primary CMB
data. There is an upper limit of

∑
mν < 0.93 eV from the Planck

primary CMB data alone (Planck Collaboration XVI 2013). If
we include the cluster count data using a fixed value (1−b) = 0.8,
then we find a 2.9σ preference for the inclusion of neutrino
masses with

∑
mν = (0.58 ± 0.20) eV, as shown in Fig. 12. If,

on the other hand, we adopt a more conservative point of view
and allow (1 − b) to vary between 0.7 and 1.0, this preference
drops to 2σ with

∑
mν = (0.45 ± 0.21) eV. Adding BAO data

to the compilation lowers the value of the required mass but in-
creases the significance, yielding

∑
mν = (0.22 ± 0.09) eV, due

to a breaking of the degeneracy between H0 and
∑

mν.
As these results depends on the value and allowed range of

(1 − b), better understanding of the scaling relation is the key to

further investigation. This provides strong motivation for further
study of the relationship between Y and M.

7. Summary

We have used a sample of nearly 200 clusters from the PSZ,
along with the corresponding selection function, to place strong
constraints in the (Ωm, σ8) plane. We have carried out a series
of tests to verify the robustness of our constraints, varying the
observed sample choice, the estimation method for the selection
function, and the theoretical methodology, and have found that
our results are not altered significantly by those changes.

The relation between the mass and the integrated SZ signal
plays a major role in the computation of the expected number
counts. Uncertainties in cosmological constraints from clusters
are no longer dominated by small number statistics, but by the
gas physics. Uncertainties in the Y–M relation include X-ray in-
strument calibration, X-ray temperature measurement, inhomo-
geneities in cluster density or temperature profiles, and selec-
tion effects. Considering several ingredients of the gas physics
of clusters, numerical simulations predict scaling relations with
30% scatter in amplitude (at a fiducial mass of 6×1014Msol). All
this points toward a mass bias between the true mass and the es-
timated mass of (1 − b) = 0.8+0.2

−0.1, and adopting the central value
we found constraints on Ωm and σ8 that are in good agreement
with previous measurements using clusters of galaxies.

Comparing our results with Planck primary CMB con-
straints within the ΛCDM cosmology indicates some tension.
This can be alleviated by permitting a large mass bias (1 −
b ' 0.55), which is however significantly larger than expected.
Alternatively, the tension may motivate an extension of the
ΛCDM model that modifies its power spectrum shape. For ex-
ample the inclusion of non-zero neutrino masses helps in recon-
ciling the primary CMB and cluster constraints, a fit to Planck
CMB + SZ + BAO yielding

∑
mν = (0.22 ± 0.09) eV.

Cosmological parameter determination using clusters is cur-
rently limited by the knowledge of the observable–mass rela-
tions. In the future our goal is to increase the number of ded-
icated follow-up programmes to obtain better estimates of the
mass proxy and redshift for most of the S/N > 5 Planck clusters.
This will allow for better determination of the scaling laws and
the mass bias, increase the number of clusters that can be used,
and allow us to investigate an extended cosmological parameter
space.
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AMI contribution to Planck cluster work

In continuation of the work started for
Early Release SZ catalogue, AMI
used for candidate verification and
follow-up in latest catalogue
An initial set of ∼ 60 Planck
candidates for follow-up were
observed with AMI and results put
into the catalogue
10 high-evidence confirmations of
new clusters from AMI in this set,
included in catalogue
Many more results available now,
since AMI team have been making
follow-up observations of the full
catalogue down to S/N 4.5 (about
300 clusters visible to AMI)

Planck and AMI Collaborations: Comparison ofPlanck and AMI Sunyaev–Zeldovich measurements for 11 galaxy clusters

Fig. 5. RecoveredPlanck and AMI 2D posterior distributions in theY500 − θ500 plane. Blue contour plots are the results from the
AMI analysis and purple contours show thePlanck results (specifically using the PwS method). Red arrows showthe values of
θ500 as determined from X-ray measurements of these clusters where available. The grey points with error bars show the MMF3
Planck results. The inner and outer contours in each set indicate the areas enclosing 68 % and 95 % of the probability distribution,
while the MMF3 error-bars indicate the 1σ uncertainties. Where the recovered AMI and PwSPlanck constraints are consistent, the
joint constraints are also indicated by the heavy black contours. In cases where the contours do not close at the lower ends of the
parameter ranges, the corresponding constraints represent upper limits only.
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Planck vs. AMI comparison for
an initial set of 11 clusters
(arXiv:1204.1318)— should
have well over 100 for this
comparison shortly



Direct results on pressure profiles from Planck
The pressure profile used in Planck analysis (matched in AMI analysis) so far
has been the Universal Pressure Profile of Arnaud et al, (A&A, 517,
A92,(2010)) a GNFW profile derived from X-ray observations and numerical
simulations

P(r) = P500

(
M500

3 × 1014M�

)αP P0

(c500x)γ (1 + (c500x)α)
β−γ
α

A particular set of the concentration and
shape parameters c500, α, β, γ etc., was
derived by Arnaud et al.
The evidence now from Planck and
X-ray observations of 62 nearby clusters
is that this profile underpredicts SZ
effect in outer regions (main effect from
β being too large)
This would also potentially tie in with
AMI results — Planck more sensitive to
extended emission than AMI, so if UPP
(used in the common analysis) is not the
right profile, AMI would be thought to be
giving on average too small results

Planck Collaboration: Pressure profiles of galaxy clustersfrom the Sunyaev-Zeldovich effect

  
 

10-3

10-2

10-1

100

y/
(Y

50
0/

R
50

02 )

0.1 1.0
R/R500

-4
-2
0
2
4

C
hi

  
 

 

 

 

 

 

Planck
Expected from P A10

 

 

 

 

 

 

 

 

  

  

 

 

 

 

0 2 4 6 8 10
R/R500

0

2

4

6

8

10

R
/R

50
0

 

 

 

 

 

 

 

 

  
 

  

 

 

 

 

 

1.0

0.8

0.6

0.4

0.2

0.0

 

Fig. 3: Left: individual profiles (grey lines) and scaled stacked profile (red points) for our sample of 62 clusters. The light-red shaded area marks
the dispersion about the average stacked profile, with its upper and lower limits highlighted by the two dashed red lines.The points within each
individual profile are correlated at about the 20% level (seeSect.4.3.1). The solid black line (labeled in the legend as “Expected from PA10”) is
the average stacked profile obtained from the expected SZ individual profiles drawn from the universal pressure profile ofA10, parameterised
accordingR500 andY500 derived from theXMM-Newton data analysis presented inPlanck Collaboration XI(2011). The two dotted black lines
indicate the associated dispersion about this model profile. The bottom panel shows the value ofχ at each point with respect to the expectations
from the universal profile taking into account the measured errors. Right: matrix of the correlation coefficient for the observed radial stacked
profiles. Both panels are illustrated here for the MILCA results.

AppendixB presents a detailed investigation of the conver-
gence between stacked profiles derived from each of the three
different methods of SZ signal reconstruction. We find that all
three methods agree remarkably well over the entire radial range,
both for simulated and observed SZ profiles. The three SZ re-
construction methods lead to profiles fully compatible witheach
other. Across the range of radii over which the profiles have been
computed (i.e., [0–10]×R500), accounting for the correlated er-
rors of each profile, the reducedχ2 of NILC and GMCA with
respect to MILCA are 0.48 and 0.62, respectively3.

The left panel of Fig.3 shows the stacked MILCA profile
for the 62 clusters in the ESZ–XMM sample compared to the
individual profiles (see Sect.4.2). The SZ signal is statistically
detected over more than two decades in intensity, and out to a
remarkably large radius of∼3R500, reaching far into the clus-
ter outskirts. Assuming that the virial theorem can be applied
(which at such large radius might be breaking down), the outer
radius of our statistical detection corresponds to a density con-
trast ofδ∼50. More conservatively, we can assume that we are
statistically probing the average SZ and pressure distribution
down to regions of density contrast ofδ∼ 50–100. The disper-
sion about the mean profile dominates the statistical uncertain-
ties. It is minimal (by construction) at∼20% aroundR500, but in-
creases towards the centre and the outskirts to∼50% and∼65%
at 0.3 and 2×R500, respectively. At the most external radius of our
statistical detection, i.e.,∼3×R500, the dispersion of the individ-

3 As our three reconstruction methods are remarkably consistent, for
the clarity of display and discussion, hereafter we illustrate our pre-
sentation with one of the three methods only. In each case thespecific
method used will be indicated.

ual profiles about the mean is more than 100%, as at these large
radii, the individual SZ profiles are fully dominated by noise.

The right panel of Fig.3 shows the correlation coefficient
matrix for the stacked profiles presented on the left panel, and il-
lustrates the degree of correlation between the points in the pro-
files.

5.4. Comparison with expectations from universal profile

The stacked model used for comparison was computed as de-
scribed in Sect.4.3. When considering the statistical errors only,
the measured stacked profile is significantly above the model.
Taking into account the error on the model and the correlateder-
rors between points of the reconstructed SZ profile, we obtained
a reducedχ2 value of 3.53 within 3R500. If we omit the error
on the model, this value becomes 7.48 As our tests on simula-
tions show a very good agreement between the input model and
the output reconstructed profiles (see App.B), the difference ob-
served here between the measured SZ profiles and the predicted
model from X-ray constraints is not an artefact of the method,
but an intrinsic difference. This difference is significant at a 2–
3σ level from aroundR500 out to 3R500.

6. The galaxy cluster pressure profile from Planck

6.1. PSF deconvolution and deprojection

The pressure profile is derived for each cluster in our sampleby
applying a deconvolution and deprojection to the observed SZ
profiles. As already mentioned, we assume spherical symmetry.
The convolution by the instrumental beam and the geometrical
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From Planck Intermediate Paper V: ‘Pressure profiles of

galaxy clusters from the Sunyaev-Zeldovich effect’
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Planck Cosmology Results

A key result for inflation is the
restriction on the slope of the
primordial power spectrum of
perturbations
Expressed by ns, with
scale-invariant being ns = 1
— this was pre-inflation
expectation
Typical inflation models have
ns < 1, and Planck has now
established this at 6σ
Also Planck has shown CMB
fluctuations are highly Gaussian,
with 5 times tighter constraint
than WMAP – eliminates several
(more complicated!) inflation
theories

Planck Collaboration: The Planck mission

Table 10. Separable template-fitting estimates of primordial fNL for
local, equilateral, orthogonal shapes, as obtained from SMICA fore-
ground cleaned maps, after marginalizing over the Poissonian point-
source bispectrum contribution and subtracting the ISW-lensing bias.
Uncertainties are 1σ.

fNL

Local Equilateral Orthogonal

2.7 ± 5.8 −42 ± 75 −25 ± 39

Alternative geometries and non-trivial topologies have also
been analyzed (see (Planck Collaboration XXVI 2013) for more
details). The Bianchi VIIh models, including global rotation
and shear, have been constrained, with the vorticity parameter
ω0 < 10−9H0 at 95 % confidence. Topological models are con-
strained by the lack of matched circles or other evidence of large-
scale correlation signatures, limiting the scale of the fundamen-
tal domain to the size of the diameter of the scattering surface in
a variety of specific models.

9.3. CMB polarization

The current data release and scientific results are based on CMB
temperature data only. Planck measures polarization from 30 to
353 GHz, and both Data Processing Centres routinely produce
polarization products. The analysis of polarization data is more
complicated than that of temperature data, and is therefore in a
less advanced state. There are several reasons for this: the re-
sponse of each detector to polarization is difficult to calibrate
due to the lack of celestial standard sources; the amplitude of
the polarized CMB signal is low and astrophysical foregrounds
dominate over the CMB over the whole sky; and the detection
of polarized signals is subject to specific systematic effects. An
example of the last of these is leakage of total intensity into the
polarization maps. This can occur because Planck measures po-
larization by differentiating a common intensity mode from de-
tectors sensitive to linear polarization with different orientations,
and there are differential calibration errors between pairs of de-
tectors. Nevertheless, strong polarized synchrotron and thermal
dust emission from the Galaxy are currently being imaged with
high significance (see Sect. 8.2.4).

These issues are not yet resolved at a level satisfactory
for cosmological analysis at large angular scales (` <100).
At smaller angular scales, however, systematic effects are sub-
dominant and uncertainties are dominated by residual detector
noise. At high Galactic latitudes, CMB polarization is being
measured by Planck with unprecedented sensitivity at angular
scales smaller than a few degrees.

Planck’s capability to detect polarization is well illustrated
by the use of stacking to enhance the measurement of polariza-
tion around CMB peaks. Adiabatic scalar fluctuations predict
a specific polarization pattern around cold and hot spots, and
this pattern is what we seek to image. We used ILC estimates
(Eriksen et al. 2004) of the CMB I, Q, and U maps from 100
to 353 GHz, degraded to an HEALPix resolution of Nside = 512
and smoothed to 30 arc-minutes. After applying the Planck mask
used for component separation (Planck Collaboration XII 2013),
we find on the remaining 71 % of the sky 11 396 cold spots
and 10 468 hot spots, consistent with the ΛCDM Planck best
fit model prediction (which anticipates 4π fskyn̄peak = 11073 hot
and cold spots each). Around each of these temperature ex-
trema, we extract 5◦ × 5◦ square maps that we co-add to pro-

duce stacked maps for I, Q and U. Q and U stacked maps are
then rotated in the temperature extrema radial frame Qr(θ) and
Ur(θ) (Kamionkowski et al. 1997). In this reference frame the
standard model predicts Qr(θ) alternating between positive (ra-
dial polarization) and negative (tangential polarization) values
and Ur(θ) = 0.

Figure 27 shows the stacked I and Qr (Q in the radial frame)
maps for cold and hot spots, computed from the Planck data
and compared to the ΛCDM Planck best fit. Measurements ex-
tracted from the stacked maps are in very good agreement with
the Planck best-fit model. The combined best fit amplitude is
0.999 ± 0.010 (68 % CL) leading to a statistical significance of
the detection larger than 95σ.

The most interesting cosmological signal visible in polariza-
tion is the very large-scale (` < 10) E-mode peak due to reion-
ization, at a typical brightness level of 0.3 µK. At the present
stage of analysis, and with the data currently available, there are
unexplained residuals in the survey-to-survey difference maps
that are comparable to or larger than an expected B-mode signal.
For these reasons, we are delaying the use of CMB polarization
measurements from Planck from cosmological analysis until we
have a firmer understanding and control of such systematic ef-
fects.

9.4. The ISW effect

In the spatially flat Universe clearly established by Planck, the
detection of the integrated Sachs-Wolfe (ISW) effect provides
complementary evidence of the accelerated expansion of the uni-
verse, governed by some form of Dark Energy. The high sensitiv-
ity, high resolution and full-sky coverage of Planck has permit-
ted us, for the first time, to obtain evidence of the ISW directly
from CMB measurements, via the non-Gaussian signal induced
by the cross-correlation of the secondary anisotropies due to the
ISW itself and the lensing clearly detected by Planck (Planck
Collaboration XVII 2013). Following this approach, we report
an ISW detection of ≈ 2.5σ from the CMB alone.

In addition, we have also confirmed (Planck Collaboration
XIX 2013) the ISW signal by cross-correlating the clean CMB
maps produced by Planck with several galaxy catalogues, which
act as tracers of the gravitational potential. This standard tech-
nique provides an overall detection of ≈ 3σ, by combining in-
formation from all the surveys at the same time. This figure
is somewhat weaker than previous claims made from WMAP
data (e.g., Ho et al. 2008; Giannantonio et al. 2012). Differences
do not seem to be related to the CMB data itself, but rather to the
way in which the uncertainties are computed and, especially, to
the characterization of the galaxy catalogues. A clear agreement
with previous detection claims (. 3σ) using the NVSS data is
reported. The ISW amplitude estimation made with Planck is
in very good agreement with the theoretical expectation (which
depends on such characterizations), whereas deviations of more
than 1σ were found in previous works. These results give sup-
port and robustness to our findings.

The ISW signal induced by isolated features in the large-
scale structure of the universe has also been studied. In par-
ticular, we have stacked the CMB fluctuations in the positions
of voids and super-clusters, showing a clear detection (above
3σ and almost 3σ for voids and clusters, respectively) of a
secondary anisotropy. The results are compatible with previous
claims made with WMAP data (Granett et al. 2008), and the
most likely origin of the secondary anisotropy is the time evolu-
tion of the gravitational potential associated to those structures.
However, the signal initially detected is at odds in scale and am-
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Constraints in tilt vs. gravitational wave plane

10 Planck Collaboration: Constraints on inflation

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

ΛCDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

−2∆ lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ΛCDM+r model from Planck combined with other data sets.
The constraints are given at the pivot scale k∗ = 0.002 Mpc−1.

0.94 0.96 0.98 1.00
Primordial Tilt (ns)

0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

T
en

so
r-

to
-S

ca
la

r
R

at
io

(r
0

.0
0

2
)

ConvexConcave

Planck+WP

Planck+WP+highL

Planck+WP+BAO

Natural Inflation

Power law inflation

Low Scale SSB SUSY

R2 Inflation

V ∝ φ2/3

V ∝ φ

V ∝ φ2

V ∝ φ3

N∗=50

N∗=60

Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

reheating priors allowing N∗ < 50 could reconcile this model
with the Planck data.

Exponential potential and power law inflation

Inflation with an exponential potential

V(φ) = Λ4 exp
(
−λ φ

Mpl

)
(35)

is called power law inflation (Lucchin & Matarrese, 1985),
because the exact solution for the scale factor is given by
a(t) ∝ t2/λ2

. This model is incomplete, since inflation would
not end without an additional mechanism to stop it. Assuming
such a mechanism exists and leaves predictions for cosmo-
logical perturbations unmodified, this class of models predicts
r = −8(ns − 1) and is now outside the joint 99.7% CL contour.

Inverse power law potential

Intermediate models (Barrow, 1990; Muslimov, 1990) with in-
verse power law potentials

V(φ) = Λ4
(
φ

Mpl

)−β
(36)

lead to inflation with a(t) ∝ exp(At f ), with A > 0 and 0 < f < 1,
where f = 4/(4 + β) and β > 0. In intermediate inflation there
is no natural end to inflation, but if the exit mechanism leaves
the inflationary predictions on cosmological perturbations un-
modified, this class of models predicts r ≈ −8β(ns − 1)/(β − 2)
(Barrow & Liddle, 1993). It is disfavoured, being outside the
joint 95% CL contour for any β.

Hill-top models

In another interesting class of potentials, the inflaton rolls away
from an unstable equilibrium as in the first new inflationary mod-
els (Albrecht & Steinhardt, 1982; Linde, 1982). We consider

V(φ) ≈ Λ4
(
1 − φ

p

µp + ...

)
, (37)

where the ellipsis indicates higher order terms negligible during
inflation, but needed to ensure the positiveness of the potential
later on. An exponent of p = 2 is allowed only as a large field
inflationary model and predicts ns − 1 ≈ −4M2

pl/µ
2 + 3r/8 and

r ≈ 32φ2
∗M

2
pl/µ

4. This potential leads to predictions in agree-
ment with Planck+WP+BAO joint 95% CL contours for super-
Planckian values of µ, i.e., µ & 9 Mpl.

Models with p ≥ 3 predict ns − 1 ≈ −(2/N)(p − 1)/(p − 2)
when r ∼ 0. The hill-top potential with p = 3 lies outside the

Pressure is beginning to mount on φ2 theories!
Lower power potentials still alright



Where do we stand on r results?

BICEP 1’s main result (Chiang et al
2010) was a much improved limit on
r of r < 0.73 (95% conf.)

This may not look exciting compared
to r < 0.36 (Larson et al. WMAP7
CMB only result) or r < 0.33 (QUAD
CMB only result)

However, this is (still) by far most
significant direct limit on r

(QUIET gives r < 0.9, but they stress
systematic error of ∼ 0.1 is smallest
yet.)

An update from BICEP 1 is expected
shortly corresponding to 1 more year
of data compared to the 2 years used
previously

The result will be (Barkats et al.,
forthcoming) r < 0.70 (95% conf.)

CMB POLARIZATION SPECTRA FROM BICEP TWO-YEAR DATA 15
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FIG. 11.— BICEP’s combined power spectra (black points) are in excellent agreement with a ΛCDM model (gray lines) derived from WMAP five-year data.
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check the consistency of the BICEP band powers with this
model by performing a χ2 test. We start by using CAMB to
calculate theoretical power spectra, using ΛCDM parameters
derived from WMAP five-year data (and r = 0), and we then
compute expected band power values, C X

b , using the band
power window functions described in §6.5. Absolute gain and
beam systematic errors (GX and Sb, as described in §9.2) are
included by adding their contributions to the band power co-

variance matrix, MX
ab:

MX
ab = MX

ab + (GX )2C X
a C X

b + SaSbC
X
a C X

b . (22)

The Sb factors are formed from linear combinations of the
four frequencies (100 GHz auto, 150 GHz auto, 100×150,
150×100), using the weights described in §11. Because MX

ab
is obtained from a limited number of simulations, the far off-
diagonal terms are dominated by noise; we therefore use only
the main and first two off-diagonal terms of MX

ab in this calcu-
lation. (We have tested that results are essentially unchanged
including one, two, or all off-diagonal terms). For each power
spectrum, the observed and theoretical band powers are com-
pared by evaluating

χ2 = [ĈCC
X

−CCC X ]>(MMMX )−1[ĈCC
X

−CCC X ] (23)

over the nine bins that span 21 ≤ ` ≤ 335. In the case of the
T T , EE, and BB spectra, offset lognormal transformations

ẐX
b = ln(Ĉ X

b + xX
b ) (24)

ZX
b = ln(C X

b + xX
b ) (25)

(DX
ab)−1 = (MX

ab)−1(Ĉ X
a + xX

a )(Ĉ X
b + xX

b ) (26)

are applied to the data, expected band powers, and inverse
covariance matrix, and χ2 is calculated using the transformed
quantities.

We perform the same calculations for a set of 500 signal-
plus-noise simulations, and the simulated χ2 distributions are
used to determine the probabilities to exceed the χ2 values
of the data. The χ2 and PTE values are listed in Figure 11,

(The statistics worked out so
that there is not a big shift in
the upper limit, despite 50%
more data.)

Planck limit (again indirect,
but just CMB) is now
r < 0.12 (95% conf.)

However, something very
interesting may be coming
soon on direct limits



BICEP/KECK Programme

DASI, QUAD, KECK
BICEP 1, 2 AND 3

10M SOUTH POLE
Telescope



BICEP/KECK Programme

BICEP1 (2006 – 2008)
30cm refractor
96 NTD bolometers (same 
kind as Planck)
Best published limits on r 
from B-modes – r<0.72

BICEP2 (2010 – 2012)
Same optics as BICEP1
500 TES bolometers at 150 GHz
10x faster than BICEP1

Keck-Array (2011 – 2015)
5 BICEP2 like receivers
2500 TES bolometers
5x faster than BICEP2

BICEP " BICEP2 " Keck-Array

(From Clem Pryke Moriond 2013 talk)



BICEP 2 Real EE Data

  

Rotate Q&U to E (&B)

Gap due to filtering
in scan direction

(From Clem Pryke June 2013 Santa Barbara talk)



CMB Power spectra

Scalar (matter and radiation
density) perturbations

Tensor (gravity wave)
perturbations



BICEP 2 Simulation

  

Signal+noise sim B-modes LCDM

From Clem Pryke June 2013 Santa Barbara talk



BICEP 2 Simulation

  

Signal+noise sim B-modes LCDM+r=0.1

From Clem Pryke June 2013 Santa Barbara talk



Planck Cosmology Results (contd.)

Several interesting features in
large-scale CMB data – includes a
fluctuation power asymmetry
between hemispheres
This had also been seen by WMAP
— key here is that it seems to persist
to higher multipoles — very difficult
to think of a mechnism
Also hints of a (possibly-linked)
universal rotation latter v. small,
< 10−7 arcsec over history of
universe
However, parameters of model not in
agreement with the real
cosmological parameters
To get the type of spiral implied,
need Ωm ∼ 0.35 (just ok), but
ΩΛ ∼ 0.2 — definitely not ok —
model is very open

Planck Collaboration: Isotropy and statistics
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Fig. 28. Top: The power spectra calculated on discs with diameter 90◦
for the range ` = 2 − 1500 in the direction of maximal asymmetry and
its opposite. Bottom: The equivalent plot for the direction defined by the
comological dipole. The lower panels indicate the normaised difference
of the spectra from opposing directions.

who proposed that the power asymmetry could be described in
terms of a multiplicative dipole modulation model of the form
d = (1 + A p · n)siso + n ≡Msiso + n, where A is the dipole ampli-
tude, p is the dipole direction, n denotes instrumental noise, and
siso is an underlying isotropic CMB field. Both siso and n are as-
sumed to be Gaussian random fields with covariance matrices S
and N, respectively. Since siso is assumed to be isotropic, its co-
variance may be fully specified by some angular power spectrum
C`,iso.

In the following we present the results from a direct like-
lihood analysis of this model, similar to those described by
Eriksen et al. (2007a); Hoftuft et al. (2009) for the 3- and 5-
year WMAP data, respectively. Since this method requires ma-
trix inversions and determinant evaluations, the computational
expense scales as O(Npix), and it is therefore feasible only at
low resolutions. Specifically, we consider maps downgraded to
a HEALPix pixel resolution of Npix = 32, smoothed to angular
resolutions ranging from 5 to 10◦, ensuring sufficient bandwidth
limitation at this pixelization. All four Planck CMB solutions are
included in the analysis; however, note that the Galactic plane
is handled differently in the four approaches. Specifically, for
the Commander map the region inside the corresponding anal-
ysis mask has been replaced with a Gaussian constrained real-
ization, eliminating the possibility of bright Galactic residuals to
leak outside the mask during degradation (Planck Collaboration
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Fig. 29. Marginal dipole modulation amplitude (top), power spectrum
amplitude (middle) and power spectrum tilt (bottom) probability dis-
tributions as a function of smoothing scale, shown for the Commander
CMB solution.

XV 2013); for SMICA and NILC a smaller region is replaced with
a Wiener filter; while for SEVEM no special precautions are taken.

After degrading each map to the appropriate resolution, we
add random uniform Gaussian noise of 1µK rms to each pixel to
regularize the covariance matrix. All pixels inside the U73 mask
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Topology Bianchi VIIh Cosmologies Bayesian Analysis Planck Results

Planck results: flat-decoupled-Bianchi model

Figure: Best-fit template of flat-decoupled-Bianchi VIIh model found in Planck SMICA component-separated data.

From Jason McEwen talk at Planck 2013 ESLAB Meeting



Topology Bianchi VIIh Cosmologies Bayesian Analysis Planck Results

Planck results: flat-decoupled-Bianchi model

Figure: Planck SMICA component-separated data.

From Jason McEwen talk at Planck 2013 ESLAB Meeting



Topology Bianchi VIIh Cosmologies Bayesian Analysis Planck Results

Planck results: flat-decoupled-Bianchi model

Figure: Planck SMICA component-separated data minus best-fit template of flat-decoupled-Bianchi VIIh model.

From Jason McEwen talk at Planck 2013 ESLAB Meeting



Early time Bianchi Models?
Homogeneous but anisotropic – generalise FRW
Homogeneity generated by the 3-parameter Lie groups
Bianchi IX (closed) vs Bianchi VIIh (open)
Early-time (effects laid down during inflation) vs late-time (since
recombination)
Bianchi IX group is SO(3) and group manifold is S3

Consider biaxially symmetric Bianchi IX so universe essentially a
squashed 3-sphere

ds2 = dt2 − 1
4 R2

1(ω1)2 − 1
4 R2

2
[
(ω2)2 + (ω3)2]



Bianchi IX dynamics

Perfect fluid in Bianchi IX thought to generically lead to an
oscillatory singularity (going back in time)
The three axes tend to zero in a chaotic fashion (Mixmaster
behaviour). (Evolution approximated by infinite sequence of
successive Kasner epochs (Bianchi I solution).)

We worked with a setup including a scalar field

S =

∫
d4x
√−g

[
1

2κ
(R + 2Λ)− 1

2
∇µφ∇µφ+ V (φ)

]

and with the assumption of biaxiality found two solutions (of definite
parity) that have very simple dynamics — see Dechant, Lasenby &
Hobson Phys. Rev. D 79, 043524 (2009) for details

One odd-parity, pancaking solution

One even-parity, bouncing solution



The Pancaking Solution

R1 ∝ t , R2 = R3 ∝ const, φ = const through the ‘Big Bang’ at t = 0

ln(t)

ln (R2(t))

ln (R1(t))

R1(t) = t
(
a0 + a2t2 + a4t4 + . . .

)

R2(t) = R3(t) = b0 + b2t2 + b4t4 + . . . ,

φ(t) = f0 + f2t2 + f4t4 + . . .

This solution has odd parity –
it extends smoothly (R1 ∼ t)
through the pancaking with a par-
ity inversion and no singularities in
any physical quantities. Late-time
slope is R ∼ t2/3 as befits non-
relativistic dust.



Consequences of early oblateness

Isotropisation and Inflation overlap
Universe is just oblate (at ∼ 0.2% level) when perturbations on
the scale of the current Hubble radius left the horizon
Structure on the largest scales could stem from a time where the
universe was still significantly oblate
Could generate large-scale asymmetries and phase
correlations?
Isotropisation and Inflation make sure universe is close to
isotropy and flatness at late times



The power spectrum

ln(k)

4π2107PR(k)

Other features very similar to closed
FRW case discussed in Lasenby &
Doran (2005) — more generally
low-k dip due to period of kinetic
dominance, and this applies here
equally as in cases with actual initial
singularity (Will Handley currently
working on this)
Spectral index ns ∼ 0.975
Tensor-to-scalar ratio r ∼ 0.15
low-` dip: CMB power spectrum
suppressed for low multipoles
(exponential cutoff) due to low-k
cutoff
The grey line is the fit to an
exponential cutoff proposed by
Efstathiou (2003) on
phenomenological grounds



Planck Results — still to come

Quality of polarisation data on
small angular scales already
extremely impressive
Line shown is not a fit, but
predicted from Temperature
data
Also Planck, with its high
resolution and large
frequency coverage, is a very
impressive instrument for
Galactic studies
First release, with about 1000
pages total, has just
scratched the surface —
definitely many mysteries
remaining!
Full Planck talk coming from
Carlo Burigana Planck image of dust in the Galaxy


