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2015 Release

• 28 papers (few of 
them still in 
preparation)

• This talk will cover
only a very small part 
of all these results, 
mostly in the 
Cosmological
Parameters paper.
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CMB is an extremely rich
source of information about our universe!



CMB Polarization
• Polarization generated by 

local quadrupole in 
temperature.

• Sources of quadrupole:
• Scalar:  E-mode
• Tensor: E-mode and B-

mode

EE

BB

BB lensing

Credit: W. Hu



The Planck satellite



The Planck mission

WMAP

COBE

Planck

Credit: modified from Nasa.

L2

1.5 

MKm

 Third generation satellite missions.

 Launched in May 2009 to L2 (with 
Herschel), operated until 2013.

 Two scans of the entire sky every 
year.



9 Frequencies, 2 instruments

 1st release 2013: Nominal mission,15.5 months, Temperature only.

 2nd release 2015: Full mission, 29 months for HFI, 48 months for LFI, 

Temperature + Polarization

LFI:

• 22 radiometers at

30, 44, 70 Ghz.

• Cooled at 20K.

• Operative till 2013 (8 full scans)

HFI: 

• 50 bolometers (32 polarized) at

100, 143, 217, 353, 545, 857 Ghz.

• Cooled at 0.1K (3He/4He).

• Operative till 2012 (5 full scans)



Planck 2015
Microwave sky



Planck 2015
Components in the microwave sky



What changed since 2013?



3 things that changed since 2013 and 
that are relevant for cosmology

1. Calibration -> +2%. Planck 2015 and WMAP 
now perfectly agree

2. Better handling of systematics (e.g. l~1800 
dip due to the 4K line). 

3. Planck polarization. Low-l polarization from
Planck instead of WMAP9 to constrain
reionization.



Planck 2015
Temperature anisotropies

4K line

Error bars

Calibration

Planck 2013
Temperature anisotropies

4K line

Error bars



Planck 2015
Temperature anisotropies

4K line

Error bars

Calibration



Planck 2015
Temperature anisotropies

4K line

Error bars

Calibration
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Error bars



2015 Polarization power spectra

EE

TE

Planck 2015
Pre-Planck measurements



CMB lensing

1) Modifies the angular power spectrum at high-l 
(e.g.smooths the peaks/throughs)

Planck detects lensing in the angular 
power spectrum at 10s!

2) Breaks isotropy of the CMB.
Lensing potential reconstructed from the 
non-gaussian 4-point correlation 
function.

Planck 2015 detects lensing from 4-p. 
function at 40s! 

(25s in 2013)



Results on LCDM



LCDM results from TT 

2013=Planck Nominal 2013 TT+low-l WMAP polarization
2015=Planck Full          2015 TT+low-l Planck LFI polarization. 

• Very good consistency between 2013-2015.
• Error bars improved by ~30%
• Calibration change shifts 109Ase

−2τ. 
• 2015 tau constraint weaker and lower value than

2013!

+3.5 sigma shift

-1 sigma shift
30% weaker
constraint



Optical depth to Reionization

• Reionization

• Decreases amplitude of spectra 

(degenerate with primordial 

amplitude As, following Ase
−2τ )

• Large scale (low-l) reionization bump 

in E-polarization =>  allows 

measurement of t (breaks tau-As 

degeneracy).

2013 Planck results: used WMAP-9 EE and TE spectra at l<23.
2015 Planck results: uses LFI polarization data at l<30.

Credit: M. Tegmark



Optical depth to Reionization
Planck 2013 + Wmap 9 low-l polarization

• Planck 2013 used WMAP low-l polarization.

• Planck 2015 uses Planck LFI low-l polarization: 

reionization redshift decreased by ~1 sigma wrt

WMAP. Lensing further lowers value of tau.

• Consistent results if WMAP cleaned with Planck 

353 dust template.



Excellent agreement 
between TT, TE and EE
Despite remaining uncharacterized systematics in polarization at 
muK2 level

Improvement in error bars up to 50%

Planck 2015 Polarization at high-l



• LCDM is very good fit to the data
• Remaining systematics present in 

polarization spectra, possibly due to 
unaccounted beam missmatch.

LCDM best fit



Comparison with other datasets:
BAO 

Direct measurements H
0

Cluster counts (s8-Wm)

Supernovae (Wm)

H
0
=67.8±0.96

(PlanckTT+lowP+lensing)

H
0
=72.8±2.4    [2s tension]

(Riess+11)

H
0
=70.6 ± 3.3 [1s tension]

(Efstathiou+14)

H
0
=74.3 ± 2.6 [2.5s tension]

(Freedman+12)
[in Km/s/Mpc]

Planck collaboration XXIV

Betoule et al. 2014

Weak Lensing (s8-Wm)

VS



Extensions of LCDM



Sum of neutrino masses

• Relativistic at the epoch of 
recombination, Non-relativistic at 
late times

• At large scales (T only): changes 
early and late ISW through 
changes of expansion rate.

• At small scales: Less lensing, less 
smoothing of the peaks.

• Full mission TT data improve
constraints by ~20-40%.

• « Best » estimate from
TT+lowP+lensing+ext. Already
stronger than expected sensitivity
from Katrin (tritium beta decay)!

f n u =
1

ep + 1
f n u = 1f n u =

1

ep + 1
f n u = 1

Smn(95% CL)
[eV]

2013 2015
2015 

+TE,EE

PlanckTT+lowP <0.93 <0.72 (23%)
<0.49
(48%)

PlanckTT+lowP+lens
ing

<1.1 <0.70 (36%) <0.58 (47%)

PlanckTT+lowP+lens
ing+ext

<0.23 <0.19

Assumption: 3 degenerate massive neutrinos
For 2013, lowP is WMAP polarization



Number of relativistic species

( 68% C.L.)

• Planck measures Neff in perfect agreement with the standard value, 3.046.

• Neff>0 confirmed at ~15-sigma.

• Neff=4 excluded at 3-5 sigma!

2013 2015
2015

+EE,TE

PlanckTT+lowP 3.51±0.39 
3.13±0.32
(18%)

2.98±0.20
(48%)

PlanckTT+lowP
+BAO

3.40±0.30 
3.15±0.23
(23%)

3.04±0.18
(40%)

(for 2013, lowP is WMAP polarization)

Assumption:
1 massive neutrino at
0.06eV,  other massless

• CMB is sensitive to radiation density.
• Neff parametrizes the radiation density 

other than photon). Neff=3.046 (standard).
• Non-standard Neff could be due to 

additional radiation (sterile neutrino, light 
relics) or non-standard thermal history.



Curvature
 From (simple) inflation, W

k
expected to be 

~10-5.

 Primordial CMB cannot tightly constrain  W
k

because of geometrical degeneracy.

 Planck alone places constraints at ~10-2 level 

thanks to lensing, that breaks geometrical 

degeneracy.

 Adding BAO, constraint at the level of ~10-3

(PlanckTT+lowP+Lensing+BAO)



Inflation: ns and r

 From Planck TT+lowP:

Almost a 6s departure from scale 

invariance (but model dependent! 

relaxable when opening Neff)

n
s
=0.9655±0.0062

Tensor to scalar ratio constrained at 

95%c.l.:

r<0.10

 Adding BB measurements from 

BICEP/KECK, foreground-cleaned with 

Planck data (Planck TT+lowP+BKP):

r<0.08

r=Power in tensor (Grav. 
Waves)/scalar (density pert.)

ns=spectral index of primordial 
scalar perturbations
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[GeV]

[
]

Thermal relic

Planck TT,EE,TE+lowP

WMAP9

CVL

Possible interpretations for:

AMS-02/Fermi/Pamela

Fermi GC

Constraints on Dark Matter
Annihilation

Most  of parameter space
preferred by AMS-
02/Pamela/Fermi ruled out 
at 95%, under the 
assumption
<sv>(z=1000)=<sv>(z=0)

Thermal Relic cross 
sections at z~1000 ruled
out for: 

m~<40 GeV (e-e+) 
m~<16 GeV (m+m-)
m~<10 GeV (t+t-).

Only a small part of the 
parameter space 
preferred by Fermi GC is 
excluded

95% cl

★ Calore et al. 2014

 Cholis and Hooper 2013

feff from T. Slatyer (Madhavacheril et al. 2013)



Conclusions
• Great consistency between Planck 2013-2015.

• In agreement with BAO and Supernovae, less
so with cluster counts and direct H0 
measurements.

• Polarization brings great information. Allows
spectacular constraints (e.g. Dark matter
annihilation)

• Polarization has remaining systematics. To be
understood in 2016 release.



Planck is a 
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The scientific results that we present today are a product of
the Planck Collaboration, including individuals from more
than 100 scientific institutes in Europe, the USA and Canada.



Polarization
Shift in sigma 

TTTEEE-TT

Error bar improvement 
TTTEEE-TT

[%]

TTTEEE measurement 
accuracy

[%]

Ωbh2 Baryon density 0.13 44 0.72

Ωch
2 DM density 0.05 47 1.25

100θ Acustic scale -0.17 47 0.03

t Reion. Optical depth 0.05 12 21.52
ln(1010As) Power Spectrum 
amplitude 0.14 6 1.10

ns         Scalar spectral index -0.16 27 0.51

H0        Hubble -0.04 45 0.98

Ωm Matter density 0.05 43 2.88

s8
0.14 8 1.56

109Ase
−2τ Power Spectrum 

amplitude 0.14 17 0.64

• Good consistency when adding polarization information wrt TT alone
• Great improvement in error bars!
• Many parameters determined at subpercent level!



Cosmic History

T=3000K

z=1100

Last Scattering Surface

Dark Energy

domination

CMB is an extremely rich
source of information about our universe!



Likelihood

• Low-l (l<30):

– TT: Pixel-based approach based on Commander 
component separated map, 92% sky, 
all Planck frequencies used+WMAP+Haslam

– TE and EE: Pixel based approach based on 
Planck LFI 70Ghz map, 46% of the sky. 30 Ghz and 
353Ghz used for foreground cleaning. 

• High-l (l>30):

– TT:  Gaussian likelihood  based on 
HFI 100, 143, 217Ghz at (70, 60 ,50% sky)

– TE,EE: Gaussian likelihood, 
HFI 100, 143, 217Ghz at (70, 50 ,40% sky). 



Temperature

Polarization

9 Frequencies for foregrounds!



Recent anomalies:
Dark matter annihilation?

Cosmic rays  excesses in
PAMELA/FERMI/AMS-02
• Leptonic ann.chan., 
• Mass ~ TeV, 
• Large cross-section required

(~10-23cm3/s).
• Need broken power law in 

electrons.

Fermi Galactic Center excess
• Many ann. chan. allowed.
• Mass ~ few tens GeV,
• Thermal relic cross section 

(~10-26cm3/s)

Calore 2014

Positron/electron  Fraction 

Electron+Positron Spectrum



DM annihilation at the epoch of 
recombination

• The injected energy
ionizes, excites and 
heats the medium. 
This affects the 
evolution of the free 
electron fraction.

• Suppresses the 
peaks, but enhances
polarization at large 
scales!

dE

dt
= rc

2c2WDM

2 (1+ z)6 feff
<sv >

mc



1. Calibration
Tcmb known from COBE. Modulated by Solar system motion and satellite motion w.r.t. 
sun. If the velocity (of the sun or of the  satellite w.r.t sun) is known, we can predict
the temperature shift it produces, and thus calibrate the instrument.

Solar dipole:  the sun baryocenter moves 
w.r.t. the CMB rest frame with v=369 
km/s.
Orbital dipole: the satellite moves around
the sun with a velocity of ~30 km/s



1. Calibration
• 2013: 

– Planck calibrated on WMAP solar dipole. 
WMAP calibrated on its orbital dipole.

– BUT! Unexpected ~2% difference in power 
ratio between WMAP and Planck

• 2015:
- Planck calibrated on its own orbital 

dipole. Data calibration up-shifted by ~%2 
(in power).

- Reasons of discrepancy understood
- HFI: near/far sidelobes, very long 

time constant, better ADC correction
- LFI: beams, data analysis

improvements
- WMAP: solar dipole was off by ~0.6% 

(in power) Planck 2013/WMAP

Planck 2015/WMAP



1. Calibration
• 2013: 

– Planck calibrated on WMAP solar dipole. 
WMAP calibrated on its orbital dipole.

– BUT! Unexpected ~2% difference in power 
ratio between WMAP and Planck

• 2015:
- Planck calibrated on its own orbital 

dipole. Data calibration up-shifted by ~%2 
(in power).

- Reasons of discrepancy understood
- HFI: near/far sidelobes, very long 

time constant, better ADC correction
- LFI: beams, data analysis

improvements
- WMAP: solar dipole was off by ~0.6% 

(in power) Planck 2013/WMAP

Planck 2015/WMAP

Excellent agreement between HFI, LFI and WMAP



2.  4K line

• Interferance between 4K cooler and data readout=>narrow lines in HFI data, correlated
between bolometers. Imperfect correction resulted in feature at l~1800 in cross-detset
spectra.

• We now discard the data rings most affected by the 4K lines.

2013



The Alens problem
• AL parametrizes amplitude of 

lensing power spectrum.

• In LCDM+AL model, TT power 
spectrum prefers a ~2-sigma 
larger lensing amplitude.

• In LCDM (Alens=1), the 
preference for high lensing shifts 
As to larger values. 

• In extensions of LCDM, 
parameters that can increase
lensing (e.g. negative Wk or w<1) 
feature small deviations from
LCDM values. These deviations
disappear when adding CMB  
lensing reconstruction data and 
BAO.

• A preference for large lensing
provides strong constraints on 
neutrino mass (that would
reduce lensing power).



Optical depth to Reionization
Planck 2013 + Wmap 9 low-l polarization

• Lensing reconstruction pushes As to lower values. 
In order to maintain the same normalization of the CMB 
power spectrum, tau shift at lower values as well, following 
the Ase

−2τ degeneracy.



Weak Lensing

Tension with WL on galaxies

WL wants smaller σ8

Seems to be driven by the WL small scales

• uncertainty on the non-linear 

regime+baryonic feedback aT small scales

WL

CMB lensing

PlanckTT+BAO+JLA



Number of relativistic
species:

Great agreement with BBN!
• PArthENoPE code for BBN predictions

(Pisanti et al. 2008). From primordial 
Yhe and deuterium measurements, 
constraints on Neff-Wbh2

• Great agreement between CMB  and 
primordial abundance
measurements, assuming standard 
BBN!

Yp
BBN

yDP



Planck Collaboration: Cosmological parameters

For this quite restricted range of masses, the impact on the
other parameters is modest, and in particular low values of σ8

will remain in tension with the parameter space preferred by
Planck+BAO.

Thejoint constraint isweaker than theconstraint of Eq. (49d)
excluding lensing, but there isno compelling information to dis-
regard the lensing information while keeping BAO. The CMB
lensing signal probes very-nearly linear scales and passes many
consistency checks over the range the data is used. The situa-
tion with galaxy lensing is rather di↵erent, being subject to an
array of potentially large observational systematics, as well as
probing much lower redshifts and non-linear scales where issues
of non-linear modelling and baryonic feedback become impor-
tant (Harnois-Draps et al. 2014).

A larger rangeof neutrino masseswasfound by Beutler et al.
(2014) using a combination of redshift distortion, BAO and
lensing information. The tension in the redshift distortion re-
sults with ⇤CDM was subsequently reduced in the analysis
of Samushia et al. (2014), as shown in Fig. 15. Galaxy lensing
and cluster constraints remain in tension, and we discuss possi-
ble neutrino resolutions to these issues further below.

An exciting future prospect is the direct detection of non-
relativistic cosmic neutrinos by capture on tritium, for example
with the PTOLEMY experiment (Cocco et al. 2007; Betts et al.
2013; Long et al. 2014). Unfortunately for the mass rangeP

m⌫< 0.23eV preferred by Planck detection is with the first
generation experiment will be difficult unless the mass is in the
upper tail.

6.3.2. Constraints on Ne↵

Dark radiation density in the early universe is usually parame-
terized by the parameter Ne↵ , defined so that the total relativistic
energy density in neutrinos and any other dark radiation isgiven
in terms of the photon density ⇢γ at T ⌧ 1MeV by

⇢= Ne↵
7

8

 
4

11

!4/ 3

⇢γ. (54)

The factors are included so that for three standard neutrinos that
were thermalized in the early universe and decouple well before
electron-positron annihilation, Ne↵ = 3. Thestandard cosmolog-
ical prediction is actually Ne↵ = 3.046, since neutrinos are in
fact not fully decoupled at electron-positron annihilation and are
subsequently slightly heated (Mangano et al. 2002).

In this section we focus on additional density from mass-
less particles. In addition to massless sterile neutrinos, a variety
of other particles could contribute to Ne↵ . We assume that the
additional massless particles are produced well before recom-
bination, and neither interact nor decay, so their energy density
scales with theexpansion exactly likethat of massless neutrinos.
An additional ∆Ne↵ = 1 could correspond to a fully thermalized
sterile neutrino that decoupled at T <

⇠ 100MeV; for example
any sterile neutrino with mixing angles large enough to be a po-
tential resolution to the reactor neutrino oscillation anomalies
would most likely rapidly thermalize in the early universe (how-
ever the massless case is not very well motivated since neutrino
oscillation solutions require⇠ 1eV mass neutrinos).

More generally the additional radiation does not need to be
fully thermalized, for example there are many possible mod-
els of non-thermal radiation production via particle decays (see
e.g. Hasenkamp & Kersten (2013); Conlon & Marsh (2013)).
The radiation could also be produced at temperatures T >

2.0 2.5 3.0 3.5 4.0

Neff

60

66

72

78

H
0

Planck TT,TE,EE+ lowP+ BAO

0.78

0.80

0.82

0.84

0.86

0.88

0.90

σ
8

Fig.26. Samples from Planck TT+lowP in the Ne↵–H0 plane,
colour-coded by σ8. Higher Ne↵ makes H0 more consistent with
direct measurements (grey bands are a conservative constraint
H0 = 70.6 ± 3.3, Eq. (29)), but increases σ8. Solid black con-
tours show the constraints from Planck TT,TE,EE+lowP+BAO.
Models with Ne↵ < 3.046 (left of solid vertical line) require
photon heating after neutrino decoupling or incomplete ther-
malization. Dashed vertical lines correspond to specific fully-
thermalized particle models: one additional massless boson that
decoupled around thesametime as theneutrinos (∆Ne↵ ⇡ 0.57),
or beforemuon annihilation (∆Ne↵ ⇡ 0.39), or an additional ster-
ile neutrino that decoupled around the same time as the active
neutrinos (∆Ne↵ ⇡ 1).

100MeV, in which case typically ∆Ne↵ < 1 for each addi-
tional species, since heating by photon production at muon an-
nihilation (at T ⇠ 100MeV) decreases the fractional impor-
tance of the additional component at the later times relevant for
the CMB. For particles produced at T 100MeV the den-
sity would be diluted even more by numerous phase transitions
and particle annihilations, and give ∆Ne↵ ⌧ 1. Furthermore if
the particle is not fermionic, the factors entering the entropy
conservation equation are di↵erent, and even thermalized par-
ticles could give specific fractional values of ∆Ne↵ . For exam-
ple Weinberg (2013) considers the case of a thermalized mass-
less boson, which contributes ∆Ne↵ = 4/ 7 ⇡ 0.57 if it decou-
ples in the range 0.5MeV > T > 100MeV like the neutrinos,
or ∆Ne↵ ⇠ 0.39 if it decouples at T > 100MeV (before the
photon production at muon annihilation, and hence undergoing
fractional dilution).

In this paper we adopt a phenomenological approach where
weconstrain Ne↵ asa freeparameter with aflat prior, though we
comment separately on a few possible discrete cases separately
below. Values of Ne↵ < 3.046 are less well motivated as they
would require thestandard neutrinos to beincompletely thermal-
ized or additional photon production after neutrino decoupling,
but we include this range for completeness.

Fig. 26 showsthat Planck isentirely consistent with thestan-
dard value Ne↵ = 3.046, but that asignificant density of addition

36

Neutrinos and tensions

f n u =
1

ep + 1
f n u = 1

TT+lowP

TT,TE,EE+lowP+BAO

f n u =
1

ep + 1
f n u = 1

f n u =
1

ep + 1
f n u = 1

PlanckTT+l

owP + 

lensing+BA

O

PlanckTT+

lowP

+lensing

PlanckTT+l

owP

• Neutrino mass alleviates s8 tension-> requires low H0

• Neff alleviates H0 tension-> requires high s8

• Need both to solve tensions(or massive sterile neutrinos).

s8 tension H0 tension



Massive sterile Neutrinos

Prior m < 10eV to 

avoid degeneracy 

with CDM

Physical masses 

(DW sterile neutrino)

(early decoupled 

thermal particle)
One thermalised 

sterile neutrino 

species



Sigma8 values

s8=0.829 ± 0.014 LCDM, Planck TT+lowP
s8=0.8149 ± 0.0093 LCDM, Planck TT+lowP+lensing (1s lower)

s8=0.802 ± 0.018 LCDM+Alens, Planck TT+lowP (1.5s lower)

s8=0.805 ± 0.018 LCDM+Alens, Planck TT+lowP+lensing



BICEP-2&KECK at South Pole
• Goal: primordial B-mode detection.

Strategy:Observe a small (clean) patch of the sky, 
very deep

• BICEP-2

– 512 bolometers at 150 GHz 

– Observed 380 deg2 (1% of the sky) [2010-2012] 

• Keck Array

– 5 times BICEP2 at 150 GHz [2012-2013]

– (2/5 detectors switched to 100Ghz since 2013)

• Many scientific goals. Strategy: full sky, many frequency channels for 
foreground removal

• 9  frequency channels (30-850 Ghz), 7 polarized (30-353 Ghz)

• Data taking: 2009-2013. Data releases: 
2013 (14 months of data, intensity only), 2015 (full mission, with polarization) 

• Observations at 353Ghz => perfect for dust cleaning!

The Planck ESA satellite



Pre-Bicep r constraints
• Pre-Bicep constraint on r from TT constraints from

Planck 2013 (indirect measurement, very degenerate
with other parameters)

Scalar Tensor

Challinor 2012 

r=0.24TT

TEEE

TT

TE

BB LENSING!
EE
BB

Planck collaboration 2013



March 2014: the BICEP-2 claim

• BICEP-2 from BB

• Compatible with Planck constraints from TT only allowing
extensions of LCDM

• Foreground estimation tricky, assumed ~5% dust polarization
fraction. No Planck polarization available at the time (only
preliminary maps from ESLAB conference presentations). 

• Rapidly questioned by Flauger et al. 2014, Mortonson et Seljak
2014

DETECTION OF B-MODESBY BICEP2 17

0.94 0.96 0.98 1.00
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0.1

0.2

0.3

0.4

r 0
.0

0
2

Planck+ WP+ highL

Planck+ WP+ highL+ BICEP2

FIG. 13.— Indirect constraintson r fromCMB temperaturespectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
tensorsand running of thescalar spectral index areadded to thebase⇤CDM
model. The contours show the resulting 68% and 95% confidence regions
for r and the scalar spectral index ns when also allowing running. The red
contours are for the “Planck+WP+highL” data combination, which for this
model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI
2013). Thebluecontoursadd theBICEP2 constraint on r shown in thecenter
panel of Figure10. Seethe text for further details.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. Wehaveadded
an additional filtering of thetimestream using atemplate tem-
peraturemap (fromPlanck) to render theresults insensitiveto
temperature to polarization leakage caused by leading order
beam systematics. In addition we have implemented a map
purification step that eliminates ambiguous modesprior to B-
mode estimation. These deprojection and purification steps
are both straightforward extensions of the kinds of linear fil-
tering operations that arenow common in CMB dataanalysis.

The power spectrum results are perfectly consistent with
lensed-⇤CDM with onestriking exception: thedetection of a
large excess in the BB spectrum in exactly the ` range where
an inflationary gravitational wave signal is expected to peak.
Thisexcessrepresentsa5.2σ excursion from thebaselensed-
⇤CDM model. We have conducted a wide selection of jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very strong
empirical evidence against asystematic origin for thesignal.

In addition we haveconducted extensivesimulations using
high fidelity per channel beam maps. These confirm our un-
derstanding of the beam effects, and that after deprojection
of the two leading order modes, the residual is far below the
level of thesignal which weobserve.

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
arenot yet available. Wethereforeinvestigatearangeof mod-
els including new oneswhich useall of theinformation which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion noneof them show any significant cross correlation with
our maps.

Taking cross spectra against 100 GHz maps from BICEP1
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-⇤CDM.

wefindsignificant correlation andset aconstraint on thespec-
tral index of thesignal consistent with CMB, and disfavoring
synchrotron and dust by 2.3σ and 2.2σ respectively. The fact
that the BICEP1 and Keck Array mapscrosscorrelate ispow-
erful further evidence against systematics.

Thesimplest and most economical remaining interpretation
of the B-mode signal which we havedetected is that it is due
to tensor modes — the IGW template is an excellent fit to
the observed excess. Wetherefore proceed to set aconstraint
on the tensor-to-scalar ratio and find r = 0.20+0.07

- 0.05 with r = 0
ruled out at asignificance of 7.0σ. Multiple lines of evidence
havebeen presented that foregroundsareasubdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against theobserved sky pattern (Figure6), iii) the frequency
spectral index of thesignal asconstrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of thesignal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

- 0.05 with r = 0 disfavored at 5.9σ. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and anew eraof B-modecosmology hasbegun.
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panded our analysis pipeline in several ways. Wehaveadded
an additional filtering of thetimestream using atemplate tem-
peraturemap (fromPlanck) to render theresults insensitiveto
temperature to polarization leakage caused by leading order
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ruled out at asignificance of 7.0σ. Multiple lines of evidence
havebeen presented that foregrounds areasubdominant con-
tribution: i) direct projection of thebest available foreground
models, ii) lack of strong cross correlation of those models
against theobserved sky pattern (Figure 6), iii) the frequency
spectral index of thesignal asconstrained using BICEP1 data
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Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

- 0.05 with r = 0 disfavored at 5.9σ. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and anew eraof B-modecosmology hasbegun.
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Planck results on polarized dust

• May 2014, results at
intermediate galactic latitudes 
(Planck collaboration 2014, 
PIP XIX)

• September 2014: results at
high galactic latitudes (Planck 
collaboration 2014, PIP XXX. 



Planck collaboration, PIP XXX, 2014

353Ghz measurement of dust in the BICEP-2 
field extrapolated at 150Ghz

September 2014: Planck results on 
polarized dust at high latitudes



February 2015: Joint Planck and 
Bicep2/Keck results

• Joint analysis (Planck and Bicep2/Keck collaborations 
2015)

• Bicep-2 and Keck data at 150Ghz

• Planck data at 30-353Ghz



Fiducial analysis

• Standard LCDM + r + Ad

• Dust: power law with Dl~l-0.4 and  modified black 
body frequency spectrum (Fixed Td, prior on b)

• All auto and cross-spectra of BK150, P217, P353 (for 
auto Planck, cross-detsets are used) using l=20-200



Fiducial analysis

• r =0.048±0.035, r < 0.12 at 95% C.L.
• 5.1 sigma detection of dust power
• Other lines: Bicep alone, Keck alone



Consistency of BICEP2 vs KECK

Simulations to assess expected difference between the two
experiments. No evidence for discrepancy



Cleaned spectra

Cleaned spectra



A 7-sigma lensing detection



What’s next?

Credit L. Page, December 2014
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Angular power spectrum

Credit: W. Hu



Angular power spectrum

Dl=C l

l(l+1)

2π
Superhorizon scales 

at last scattering

Sachs-Wolfe

[LISW]

Acoustic Oscillations

Damping

[lensing]

1stpeak

(compression)

2ndpeak

(rarefaction)
3ndpeak

(contraction)



Low-l and High-l likelihood
 2<l<29: 

 Pixel based likelihood. 

Temperature map from component separation (uses all 

Planck and WMAP-9 maps), 

Polarization map from 70GHz LFI (syncrotron cleaned with 

30GHz, dust cleaned with 353GHz)

 30<l<2500: 

 Uses 100, 143, 217Ghz Half-Mission cross power-spectra.

 Masking of galaxy (fsky ~70%,60%, 50% in temperature, 

70%,50%, 40% in polarization). 

 Fits unresolved foreground parameters together with cosmological 

parameters. 



BICEP+KECK X Planck

EE EE BBBB

= Lensed LCDM model, r=0

BK150xP30

BK150xP70

BK150xP44

BK150xP100

BK150XP143

BK150XP353

BK150XBK150

BK150XP217



BK X Planck:low frequencies

EE BB

Small excess in
BK150xP70, but no 
excess in 
BK150xP30, 

No evidence for 
syncrotron
contamination at
150Ghz (expected
to scale as ~n-3.3)

BK150xP30

BK150xP70

BK150xP44

BK150xP100



BK X Planck

• At 150x353 dust
expected to be 25 
times larger than at
150x150 (modified
black body spectrum)

• Large correlation at
150x353 in BB (and at
150x217)

EE BB

BK150XP143

BK150XP353

BK150XBK150

BK150XP217



Tests

• Choice of Planck single-frequency spectra: yearly or half- ring instead of 
detset).
• Using only 150 and 353 GHz
• Using only BK150×BK150 BK150×P353:The statistical weight of the 
BK150×BK150 and BK150×P353 spectra dominate.
• Extending the bandpower range to 20 < l < 330
• Including EE spectra, setting EE/BB = 2 from dust. Constraint Ad narrows,small
change in r constraint.
• Relaxing the βd prior: relaxing the prior on the dust spectral index to βd = 1.59 
± 0.33 pushes the peak of the r constraint up (but if frequency spectral index 
varied significantly across the sky it would invalidate cross-spectral analysis)
• Varying the dust power spectrum shape, marginalizing over spectral indices 
in the range −0.8 to 0.
• Using Gaussian determinant likelihood
• Varying the HL fiducial model: default, with r=0. Alternative, r=0.2



Tests



No evidence for syncrotron
contamination

• Tested the sensitivity to adding a syncrotron
component (Planck 30Ghz channel to 
constrains it)

• Frequency scaling

• Power spectrum scaling
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6 LCDM parameters
 Initial conditions A

s
, n

s
:

 Expansion history q

 Reionization t

 Dark Matter density 

W
c
h2

 Baryon density W
b
h2

Assumptions:

 Adiabatic initial conditions

 Neff=3.046

 1 massive neutrino 0.06eV.

 Sudden reionization (Dz=0.5)



 2) It breaks isotropy of the CMB. Lensing potential map can be extracted from 

the non-gaussian 4-point correlation function.

 Lensing potential power spectrum used in cosmological analysis (40<L<400).

 Planck 2015 detects lensing at 40s!

Lensing potential power spectrum

Planck collaboration XVII



Results
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Neutrino perturbations

• Standard model of cosmology predicts neutrino perturbations, 
characterized by effective sound speed and viscosity parameter 
(isotropic and anisotropic pressure perturbations) 

• Standard values for free-streaming particles (ceff
2, cvis

2) = (1/3, 1/3); 
perfect fluid: (1/3,0)…

• Standard free-streaming behaviour in perfect agreement with
Planck data


