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Post-recombination :Freely 
propagating through (weakly 
perturbed)  homogeneous & 
isotropic cosmos. 

Pre-recombination : Tightly 
coupled to,  and in thermal 
equilibrium with, ionized 
matter. 

 

Pristine relic of a 
hot, dense & smooth 
early universe  -  
Hot Big Bang model 

(text background: W. Hu) 

Cosmic Microwave Background 



Transparent universe 

Opaque  universe 

Here  
& Now 

(14 Gyr) 

0.5 Myr 

Cosmic  “Super–IMAX” theater  



Temperature anisotropy  T + two polarization 
modes  E&B    Four CMB spectra : Cl

TT, 
Cl

EE,Cl
BB,Cl

TE 

CMB Anisotropy & Polarization 
CMB temperature  

Tcmb = 2.725 K 

-200 µ K < Δ T < 200 µ K 
Δ Trms ~ 70µ K  
Δ TpE ~ 5 µ K 

Δ TpB ~ 10-100 nK 

Parity violation/sys. issues: Cl
TB,Cl

EB 





Ping the ‘Cosmic drum’   

More technically, 
the Green function  (Fig: Einsentein ) 

150 Mpc. 



• Low  multipole :  
Sachs-Wolfe plateau 

•  Moderate  multipole :  
Acoustic “Doppler” peaks 

•  High multipole :  
Damping tail  

Dissected CMB Angular power spectrum 

(fig credit: W. Hu) 

CMB physics is very 
well understood !!! 



 CMB space missions 

1991-94 

2001-2010 

2009-2011 

CMBPol/COrE/PRISM 
2020+ 



Planck	  CMB	  sky	  map	  
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Truly all-sky !!! 
Only 3% of sky replaced by constrained realization 

Play with the CMB beach ball at  thecmb.org 



Foreground for CMB anisotropy 
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Planck	  	  Angular	  power	  spectrum	  

2015  
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Base ƯCDM model 6 parameters 

François R. Bouchet "Planck main cosmological results" 

Cosmological	  Parameters	  
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6-Parameter  ΛCDM  

’Standard’ cosmological model: 
Flat, ΛCDM with nearly 

Power Law (PL) primordial power spectrum 



Non Parametric inference 
 
Cosmological parameter estimation is carried out 
WITHIN FRW model  framework + other priors 
 
What can we say just 
from data !?! 



Planck: Non-Parametric Peak harmonicity 

(Aghamousa, Shafieloo, Arjunwadkar, TS, JCAP  2015) 



Planck : Non-Parametric Acoustic scale  
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Base ƯCDM model 6 parameters 

François R. Bouchet "Planck main cosmological results" 

Planck 2015: 
0.05% 

(Aghamousa, Shafieloo, Arjunwadkar, TS, JCAP  2015) 



Early Universe 

Present Universe 

The Cosmic screen 



Towards 
‘Observing’ 
the Early 
Universe 



Why “Inflation”? 

X RH/33 

Inflation: a paradigm in search of a model 

A phase of accelerated expansion in the scale  factor of the universe 



A scalar field displaced from the minima of its potential 

03 =ʹ′++ VHφφ !!!

VH +== 2
2
123 φρ !

Vp −= 2
2
1φ!

Linde’s chaotic inflation 

Generic Inflation model  



Generation of fluctuations 
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l   Underlying statistics:   Gaussian   

l  Power spectrum :   ‘Nearly’ Scale invariant /scale free  form 

l  Spin characteristics: (Scalar)  Density perturbations  

l  Type of scalar perturbation: Adiabatic -- no entropy fluctuations 

   

   

The nature of initial/primordial perturbations 

The Background universe 
l  Homogeneous &  isotropic space:  Cosmological principle  

l  Flat (Euclidean) Geometry 

Early Universe in CMB 





l   Underlying statistics:   Gaussian   

l  Power spectrum :   ‘Nearly’ Scale invariant /scale free  form 

l  Spin characteristics: (Scalar)  Density perturbations  

l  Type of scalar perturbation: Adiabatic -- no entropy fluctuations 

   

   

The nature of initial/primordial perturbations 

The Background universe 
l  Homogeneous &  isotropic space:  Cosmological principle  

l  Flat (Euclidean) Geometry 

… cosmic (Tensor) Gravity waves !?! 

Early Universe in CMB 



 Cosmic GW background 
From Inflation 

   Each polarization of  Graviton behaves like a 
Massless, Minimally coupled scalar field 
(akin to fluctuations of inflaton)  
 
è  Generation of  scalar perturbations is  
accompanied by generation of Inflationary GW 
 

Ratio  of GW/Density perturbation:  
 r ~ Energy scale of inflation  



 Cosmic Gravity wave background 

 CMB Task force report 2005 
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Amplitude sets the 
 energy scale of Inflation 



Direct Detection of Gravitational Waves  

20~10 /L m Hz−ΔΔL ~10−19m / Hz  (Achieved)  →

[Note:	  Indirect	  detec.on	  of	  GW	  emission	  from	  binary	  Pulsar	  systems	  confirmed	  :	  	  
Hulse	  &	  Taylor	  –awarded	  Nobel	  prize	  1993]	  



Transparent universe 

Opaque  universe 

Here  
& Now 

(14 Gyr) 

0.5 Myr 

Cosmic  GW detector  





Sourced by  
Density perturbations 

Sourced by  
Primordial Grav. waves 





Planck	  CMB	  Polariza7on	  spectra	  
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EE 



Planck	  CMB	  Polariza7on	  spectra	  
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TE 



BICEP2: arXiv:1403.4302 

BICEP2 

“Cool Telescope” 
•  Entire optics in cryostat 
•  Optics like optical not radio 

New tech detectors 
512x512 TES  
0.3 nKs0.5 

Prof. Andrew Lange 
(1957 - 2010) 

34 



Location: South Pole 

•  “An excellent site for millimeter-wave observation from the ground 
(DASI, BICEP1, QUAD & SPT) 

–  Dry: exceptionally low precipitable water vapour, reducing atmospheric 
noise due to the absorption & emission of water at ~150GHz observing 
band. 

 

–  Calm : very stable weather, especially during the dark winter months,  

–   Finally, the Amundsen-Scott South Pole Station has hosted scientific 
research continuously since 1958. The station offers well-developed 
facilities with year-round staff and an established transportation 
infrastructure.” 

35 



BICEP philosophy: 
Deep observations  in ‘cleanest’ patch 

36 

400 sq. degs. 
Centered  at 
Galactic: 

 316o,−59o 
Celestial: 
    RA 0h, Dec. −57.5o 

BICEP2: arXiv:1403.4302 



BICEP Polarization Maps 
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BICEP2: arXiv:1403.3985 



Main Results claimed 

•  r=0.2 (GW) detected at 5.2σ 
•  r=0.0 (no GW) ruled out at 7.0σ 

38 

BICEP2: arXiv:1403.3985 



Any concerns !!!?!!! 
 

•  Essentially based on single 
frequency measurements !!!! 

 
•  Is the ‘cleanest’ patch clean 

enough  in *polarized* 
foregrounds? 



Foreground for CMB Polarization 



Planck	  Polarised	  dust	  emission	  

X	  name	  "The	  talk"	   41	  



PIP-xxx :Planck intermediate results (1409.5738.v2)  
 

Planck Collaboration: Dust polarization at high latitudes

Fig. 10: Frequency dependence of the amplitude A

BB of the angular power spectrum DBB

` computed on MB2 defined in Sect. 6.1,
normalized to the 353 GHz amplitude (red points); amplitudes for cross-power spectra are plotted at the geometric mean frequency.
The square of the adopted dust SED, a modified blackbody spectrum with �d = 1.59 and Td = 19.6 K, is over-plotted as a black
dashed-line, again normalized to the 353 GHz point. The ±1� error area arising from the expected dispersion of �d, 0.11 for the
MB2 patch size (Sect. 2.2.1), is displayed in light grey.

↵BB = �0.42 (see Sect. 4.2). In Fig. 10 we plot these amplitudes
as a function of the e↵ective frequency from 143 to 353 GHz, in
units of sky brightness squared, like in Sect. 4.5. Data points at
e↵ective frequencies below 143 GHz are not presented, because
the dust polarization is not detected at these frequencies. An up-
per limit on the synchrotron contribution at 150 GHz from the
Planck LFI data is given in Appendix D.4.

We can see that the frequency dependence of the amplitudes
of the Planck HFI DBB

` spectra is in very good agreement with
a squared dust modified blackbody spectrum having �d = 1.59
and Td = 19.6 K (Planck Collaboration Int. XXII 2014). We note
that this emission model was normalized only to the 353 GHz
point and that no global fit has been performed. Nevertheless,
the �2 value from the amplitudes relative to this model is 4.56
(Ndof = 7). This shows that dust dominates in the specific MB2
region defined where these cross-spectra have been computed.
This result emphasizes the need for a dedicated joint Planck–
BICEP2 analysis.

7. Conclusions

We have presented the first nearly all-sky statistical analysis of
the polarized emission from interstellar dust, focussing mostly
on the characterization of this emission as a foreground contam-
inant at frequencies above 100 GHz. Our quantitative analysis of
the angular dependence of the dust polarization relies on mea-
surements at 353 GHz of the C

EE

` and C

BB

` (alternatively DEE

`

andDBB

` ) angular power spectra for multipoles 40 < ` < 500. At
this frequency only two polarized components are present: dust
emission; and the CMB, which is subdominant in this multipole

range. We have found that the statistical, spatial, and spectral
distribution properties can be represented accurately by a sim-
ple model over most of the sky, and for all frequencies at which
Planck HFI measures polarization.

– The angular power spectra C

EE

` and C

BB

` at 353 GHz are
well fit by power laws in ` with exponents consistent with
↵

EE,BB

= �2.42 ± 0.02, for sky fractions ranging from 24 %
to 72 % for the LR regions used.

– The amplitudes ofDEE

` andDBB

` in the LR regions vary with
mean dust intensity at 353 GHz, hI353i, roughly as hI353i1.9.

– The frequency dependence of the dust DEE

` and DBB

` from
353 GHz down to 100 GHz, obtained after removal of the
DEE

` prediction from the Planck best-fit CMB model (Planck
Collaboration XVI 2014), is accurately described by the
modified blackbody dust emission law derived in Planck
Collaboration Int. XXII (2014), with �d = 1.59 and Td =
19.6 K.

– The ratio between the amplitudes of the two polarization
power spectra is C

BB

` /C
EE

` = 0.53, which is not consistent
with the simplest theoretical models.

– Dust DEE

` and DBB

` spectra computed for 352 high Galactic
latitude 400 deg2 patches satisfy the above general properties
at 353 GHz and have the same frequency dependence.

We have shown that Planck’s determination of the 353 GHz
dust polarization properties is una↵ected by systematic errors
for ` > 40. This enables us to draw the following conclusions
relevant for CMB polarization experiments aimed at detection
of primordial CMB tensor B-modes.

16

Dust temp Td=19.6 K ,  
Graybody index prior, βd=-1.59+-0.11  
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FIG. 2. Single- and cross-frequency spectra between BICEP2/Keck maps at 150GHz and Planck maps at 353GHz. The left
column shows single-frequency spectra of the BICEP2, Keck Array and combined BICEP2/Keck maps. The BICEP2 spectra
are identical to those in BK-I, while the Keck Array and combined are as given in BK-V. The center column shows cross-
frequency spectra between BICEP2/Keck maps and Planck 353GHz maps. The right column shows Planck 353GHz data-split
cross-spectra. In all cases the error bars are the standard deviations of lensed-⇤CDM+noise simulations and hence contain no
sample variance on any other component. For EE and BB the �2 and � (sum of deviations) versus lensed-⇤CDM for the nine
bandpowers shown is marked at upper/lower left (for the combined BICEP2/Keck points and DS1⇥DS2). In the bottom row
(for BB) the center and right panels have a scaling applied such that signal from dust with the fiducial frequency spectrum
would produce signal with the same apparent amplitude as in the 150GHz panel on the left (as indicated by the right-side
y-axes). We see from the significant excess apparent in the bottom center panel that a substantial amount of the signal detected
at 150GHz by BICEP2 and Keck Array indeed appears to be due to dust.

contribution. The EE and BB spectra are noisy, but
both appear to show an excess over ⇤CDM for ` < 150—
again presumably due to dust. We note that these spec-
tra do not appear to follow the power-law expectation
mentioned in Sec. II B, but we emphasize that the error
bars contain no sample variance on any dust component
(Gaussian or otherwise).

The center column of Fig. 2 shows cross-spectra be-
tween BICEP2/Keck and Planck maps. For TE one
can use the T -modes from BICEP2 and the E-modes
from Planck or vice versa and both options are shown.

Since the T -modes are very similar between the two ex-
periments, these TE spectra look similar to the single-
experiment TE spectrum which shares the E-modes.
The EE and BB cross-spectra are the most interesting—
there appears to be a highly significant detection of cor-
related B-mode power between 150 and 353GHz, with
the pattern being much brighter at 353, consistent with
the expectation from dust. We also see hints of detection
in the EE spectrum—while dust E-modes are subdomi-
nant to the cosmological signal at 150GHz, the weak dust
contribution enhances the BK150⇥P353 cross-spectrum
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FIG. 2. Single- and cross-frequency spectra between BICEP2/Keck maps at 150GHz and Planck maps at 353GHz. The left
column shows single-frequency spectra of the BICEP2, Keck Array and combined BICEP2/Keck maps. The BICEP2 spectra
are identical to those in BK-I, while the Keck Array and combined are as given in BK-V. The center column shows cross-
frequency spectra between BICEP2/Keck maps and Planck 353GHz maps. The right column shows Planck 353GHz data-split
cross-spectra. In all cases the error bars are the standard deviations of lensed-⇤CDM+noise simulations and hence contain no
sample variance on any other component. For EE and BB the �2 and � (sum of deviations) versus lensed-⇤CDM for the nine
bandpowers shown is marked at upper/lower left (for the combined BICEP2/Keck points and DS1⇥DS2). In the bottom row
(for BB) the center and right panels have a scaling applied such that signal from dust with the fiducial frequency spectrum
would produce signal with the same apparent amplitude as in the 150GHz panel on the left (as indicated by the right-side
y-axes). We see from the significant excess apparent in the bottom center panel that a substantial amount of the signal detected
at 150GHz by BICEP2 and Keck Array indeed appears to be due to dust.

contribution. The EE and BB spectra are noisy, but
both appear to show an excess over ⇤CDM for ` < 150—
again presumably due to dust. We note that these spec-
tra do not appear to follow the power-law expectation
mentioned in Sec. II B, but we emphasize that the error
bars contain no sample variance on any dust component
(Gaussian or otherwise).

The center column of Fig. 2 shows cross-spectra be-
tween BICEP2/Keck and Planck maps. For TE one
can use the T -modes from BICEP2 and the E-modes
from Planck or vice versa and both options are shown.

Since the T -modes are very similar between the two ex-
periments, these TE spectra look similar to the single-
experiment TE spectrum which shares the E-modes.
The EE and BB cross-spectra are the most interesting—
there appears to be a highly significant detection of cor-
related B-mode power between 150 and 353GHz, with
the pattern being much brighter at 353, consistent with
the expectation from dust. We also see hints of detection
in the EE spectrum—while dust E-modes are subdomi-
nant to the cosmological signal at 150GHz, the weak dust
contribution enhances the BK150⇥P353 cross-spectrum

7

0

2000

4000

6000

8000
150x150

TT
 l(

l+
1)

C l/2
π 

[µ
K2 ]

 

 
BKxBK
BxB
KxK

0

2000

4000

6000

8000
150x353

 

 
BKxP353
BxP353
KxP353

0

2000

4000

6000

8000
353half1x353half2

 

 
DS1xDS2
Y1xY2
HR1xHR2

−100

0

100

200

TE
 l(

l+
1)

C l/2
π 

[µ
K2 ]

−100

0

100

200

 

 
BKExP353T
BKTxP353E

−100

0

100

200

0

2

4

6

EE
 l(

l+
1)

C l/2
π 

[µ
K2 ]

χ2=19.8, χ=3.2

0

2

4

6 χ2=23.7, χ=9.7

−20

0

20

40 χ2=39.2, χ=14.8

0 50 100 150 200 250 300

−0.02

0    

0.02 

     

BB
 l(

l+
1)

C l/2
π 

[µ
K2 ]

χ2=150.9, χ=31.1

0 50 100 150 200 250 300

−0.6
−0.4
−0.2

0
0.2
0.4
0.6
0.8

−0.02

0    

0.02 

     

sc
al

ed

χ2=76.4, χ=17.5

0 50 100 150 200 250 300

−15
−10
−5

0
5

10
15
20

Multipole

−0.02

0    

0.02 

     

sc
al

ed

χ2=35.6, χ=8.1

FIG. 2. Single- and cross-frequency spectra between BICEP2/Keck maps at 150GHz and Planck maps at 353GHz. The left
column shows single-frequency spectra of the BICEP2, Keck Array and combined BICEP2/Keck maps. The BICEP2 spectra
are identical to those in BK-I, while the Keck Array and combined are as given in BK-V. The center column shows cross-
frequency spectra between BICEP2/Keck maps and Planck 353GHz maps. The right column shows Planck 353GHz data-split
cross-spectra. In all cases the error bars are the standard deviations of lensed-⇤CDM+noise simulations and hence contain no
sample variance on any other component. For EE and BB the �2 and � (sum of deviations) versus lensed-⇤CDM for the nine
bandpowers shown is marked at upper/lower left (for the combined BICEP2/Keck points and DS1⇥DS2). In the bottom row
(for BB) the center and right panels have a scaling applied such that signal from dust with the fiducial frequency spectrum
would produce signal with the same apparent amplitude as in the 150GHz panel on the left (as indicated by the right-side
y-axes). We see from the significant excess apparent in the bottom center panel that a substantial amount of the signal detected
at 150GHz by BICEP2 and Keck Array indeed appears to be due to dust.

contribution. The EE and BB spectra are noisy, but
both appear to show an excess over ⇤CDM for ` < 150—
again presumably due to dust. We note that these spec-
tra do not appear to follow the power-law expectation
mentioned in Sec. II B, but we emphasize that the error
bars contain no sample variance on any dust component
(Gaussian or otherwise).

The center column of Fig. 2 shows cross-spectra be-
tween BICEP2/Keck and Planck maps. For TE one
can use the T -modes from BICEP2 and the E-modes
from Planck or vice versa and both options are shown.

Since the T -modes are very similar between the two ex-
periments, these TE spectra look similar to the single-
experiment TE spectrum which shares the E-modes.
The EE and BB cross-spectra are the most interesting—
there appears to be a highly significant detection of cor-
related B-mode power between 150 and 353GHz, with
the pattern being much brighter at 353, consistent with
the expectation from dust. We also see hints of detection
in the EE spectrum—while dust E-modes are subdomi-
nant to the cosmological signal at 150GHz, the weak dust
contribution enhances the BK150⇥P353 cross-spectrum

150x150 GHz 
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FIG. 2. Single- and cross-frequency spectra between BICEP2/Keck maps at 150GHz and Planck maps at 353GHz. The left
column shows single-frequency spectra of the BICEP2, Keck Array and combined BICEP2/Keck maps. The BICEP2 spectra
are identical to those in BK-I, while the Keck Array and combined are as given in BK-V. The center column shows cross-
frequency spectra between BICEP2/Keck maps and Planck 353GHz maps. The right column shows Planck 353GHz data-split
cross-spectra. In all cases the error bars are the standard deviations of lensed-⇤CDM+noise simulations and hence contain no
sample variance on any other component. For EE and BB the �2 and � (sum of deviations) versus lensed-⇤CDM for the nine
bandpowers shown is marked at upper/lower left (for the combined BICEP2/Keck points and DS1⇥DS2). In the bottom row
(for BB) the center and right panels have a scaling applied such that signal from dust with the fiducial frequency spectrum
would produce signal with the same apparent amplitude as in the 150GHz panel on the left (as indicated by the right-side
y-axes). We see from the significant excess apparent in the bottom center panel that a substantial amount of the signal detected
at 150GHz by BICEP2 and Keck Array indeed appears to be due to dust.

contribution. The EE and BB spectra are noisy, but
both appear to show an excess over ⇤CDM for ` < 150—
again presumably due to dust. We note that these spec-
tra do not appear to follow the power-law expectation
mentioned in Sec. II B, but we emphasize that the error
bars contain no sample variance on any dust component
(Gaussian or otherwise).

The center column of Fig. 2 shows cross-spectra be-
tween BICEP2/Keck and Planck maps. For TE one
can use the T -modes from BICEP2 and the E-modes
from Planck or vice versa and both options are shown.

Since the T -modes are very similar between the two ex-
periments, these TE spectra look similar to the single-
experiment TE spectrum which shares the E-modes.
The EE and BB cross-spectra are the most interesting—
there appears to be a highly significant detection of cor-
related B-mode power between 150 and 353GHz, with
the pattern being much brighter at 353, consistent with
the expectation from dust. We also see hints of detection
in the EE spectrum—while dust E-modes are subdomi-
nant to the cosmological signal at 150GHz, the weak dust
contribution enhances the BK150⇥P353 cross-spectrum

Scale factor~ 25 
 dust at 350/dust at 150 150x350 

BICEP/KECK+Planck 

BICEP/KECK 
 auto corr at 150 

BICEP/KECK 
+ Planck dust 353 
 cross corr at 150 
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FIG. 10. Likelihoods for r and Ad, using BICEP2/Keck
and Planck, as plotted in Fig. 6, overplotted on constraints
obtained from realizations of a lensed-⇤CDM+noise+dust
model with dust power similar to that favored by the real
data (Ad = 3.6µK2). Half of the r curves peak at zero as
expected.
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FIG. 11. Constraints obtained when adding dust realizations
from the Planck Sky Model version 1.7.8 to the base lensed-
⇤CDM+noise simulations. (Curves for 139 regions with peak
Ad < 20µK2 are plotted). We see that the results for r
are unbiased in the presence of dust realizations which do
not necessarily follow the `�0.42 power law or have Gaussian
fluctuations about it.

as the level of Ad increases, and we should therefore not
be surprised if the fraction of realizations peaking at a
value higher than the real data is increased compared to
the simulations with mean Ad = 3.6µK2. However we
still expect that on average 50% will peak above zero and
approximately 8% will have an L0/Lpeak ratio less than
the 0.38 observed in the real data. In fact we find 57%
and 7%, respectively, consistent with the expected val-
ues. There is one realization which has a nominal (false)
detection of non-zero r of 3.3�, although this turns out to
also have one of the lowest L0/Lpeak ratios in the Gaus-
sian simulations shown in Fig. 10 (with which it shares
the CMB and noise components), so this is apparently
just a relatively unlikely fluctuation.
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FIG. 12. Upper: BB spectrum of the BICEP2/Keck maps
before and after subtraction of the dust contribution, esti-
mated from the cross-spectrum with Planck 353GHz. The
error bars are the standard deviations of simulations, which,
in the latter case, have been scaled and combined in the same
way. The inner error bars are from lensed-⇤CDM+noise sim-
ulations as in the previous plots, while the outer error bars
are from the lensed-⇤CDM+noise+dust simulations. Lower:
constraint on r derived from the cleaned spectrum compared
to the fiducial analysis shown in Fig. 6.

B. Subtraction of scaled spectra

As previously mentioned, the modified blackbody
model predicts that dust emission is 4% as bright in the
BICEP2 band as it is in the Planck 353GHz band. There-
fore, taking the auto- and cross-spectra of the combined
BICEP2/Keck maps and the Planck 353GHz maps, as
shown in the bottom row of Fig. 2, and evaluating
(BK⇥BK�↵BK⇥P)/(1�↵), at ↵ = ↵fid cleans out the
dust contribution (where ↵fid = 0.04). The upper panel
of Fig. 12 shows the result.

As an alternative to the full likelihood analysis pre-
sented in Sec. III B, we can instead work with the dif-
ferenced spectra from above, a method we denote the
“cleaning” approach. If ↵fid were the true value, the ex-

BICEP/KECK+Planck 
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FIG. 6. Likelihood results from a basic lensed-⇤CDM+r+dust model, fitting BB auto- and cross-spectra taken between maps
at 150GHz, 217, and 353GHz. The 217 and 353GHz maps come from Planck. The primary results (heavy black) use the
150GHz combined maps from BICEP2/Keck. Alternate curves (light blue and red) show how the results vary when the
BICEP2 and Keck Array only maps are used. In all cases a Gaussian prior is placed on the dust frequency spectrum parameter
�d = 1.59± 0.11. In the right panel the two dimensional contours enclose 68% and 95% of the total likelihood.

variation at high latitude, as explained in Sec. VA.
Nevertheless, it is important to appreciate that the
r constraint curves shown in Fig. 6 shift left (right)
when assuming a lower (higher) value of �d. For
�d = 1.3 ± 0.11 the peak is at r = 0.021 and for
�d = 1.9± 0.11 the peak is at r = 0.073.

• Varying the dust power spectrum shape: in
the fiducial analysis the dust spatial power spec-
trum is assumed to be a power law with D` /
`�0.42. Marginalizing over spectral indices in the
range �0.8 to 0 we find little change in the r con-
straint (see also Sec. IVB for an alternate relax-
ation of the assumptions regarding the spatial prop-
erties of the dust pattern).

• Using Gaussian determinant likelihood: the
fiducial analysis uses the HL likelihood approx-
imation, as described in Sec. III A. An alterna-
tive is to recompute the covariance matrix C at
each point in parameter space and take L =
det (C)�1/2 exp (�(dTC�1d)/2), where d is the de-
viation of the observed bandpowers from the model
expectation values. This results in an r constraint
which peaks slightly lower, as shown in Fig. 7. Run-
ning both methods on the simulated realizations
described in Sec. IVA, indicates that such a dif-
ference is not unexpected and that there may be
a small systematic downward bias in the Gaussian
determinant method.

• Varying the HL fiducial model: as mentioned
in Sec. IIIA the HL likelihood formulation requires
that the expectation values and bandpower co-
variance matrix be provided for a single “fiducial
model” (not to be confused with the “fiducial anal-
ysis” of Sec. III B). Normally we use the lensed-
⇤CDM+dust simulations described in Sec. IVA be-
low. Switching this to lensed-⇤CDM+r=0.2 pro-
duces no change on average in the simulations, al-

though it does cause any given realization to shift
slightly—the change for the real data case is shown
in Fig. 7.

• Adding synchrotron: BK-I took the WMAP K -
band (23GHz) map, extrapolated it to 150GHz ac-
cording to ⌫�3.3 (mean value within the BICEP2
field of the MCMC “Model f” spectral index map
provided by WMAP [2]), and found a negligible
predicted contribution (rsync,150 = 0.0008±0.0041).
Figure 3 does not o↵er strong motivation to reex-
amine this finding—the only significant detections
of correlated BB power are in the BK150⇥P353
and, to a lesser extent, BK150⇥P217 spectra. How-
ever, here we proceed to a fit including all the
polarized bands of Planck (as shown in Fig. 3)
and adding a synchrotron component to the base
lensed-⇤CDM+noise+r+dust model. We take syn-
chrotron to have a power law spectrum D` /
`�0.6 [23], with free amplitude Async, where Async is
the amplitude at ` = 80 and at 150GHz, and scal-
ing with frequency according to ⌫�3.3. In such a
scenario we can vary the degree of correlation that
is assumed between the dust and synchrotron sky
patterns. Figure 8 shows results for the uncorre-
lated and fully correlated cases. Marginalizing over
r and Ad we find Async < 0.0003µK2 at 95% con-
fidence for the uncorrelated case, and many times
smaller for the correlated. This last is because once
one has a detection of dust it e↵ectively becomes
a template for the synchrotron. This synchrotron
limit is driven by the Planck 30 GHz band—we ob-
tain almost identical results when adding only this
band, and a much softer limit when not including it.
If we instead assume synchrotron scaling of ⌫�3.0

the limit on Async is approximately doubled for the
uncorrelated case and reduced for the correlated.
(Because the DS1⇥DS2 data-split is not available
for the Planck LFI bands we switch to Y1⇥Y2 for

Main Result 

•  r=0.05+-0.03  (GW)  
•  r=0.0 (no GW)  
Consistent at 8% 
 
•  r<0.12 at 95%CL 
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G. W. Pratt84, G. Prézeau13,78, S. Prunet71,110, J.-L. Puget70, J. P. Rachen23,91, W. T. Reach112, R. Rebolo75,17,44, M. Reinecke91,
M. Remazeilles79,70,1, C. Renault86, A. Renzi42,61, I. Ristorcelli111,11, G. Rocha78,13, C. Rosset1, M. Rossetti39,58, G. Roudier1,83,78, B. Rouillé
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ABSTRACT

This paper presents cosmological results based on full-mission Planck observations of temperature and polarization anisotropies of the cosmic mi-
crowave background (CMB) radiation. Our results are in very good agreement with the 2013 analysis of the Planck nominal-mission temperature
data, but with increased precision. The temperature and polarization power spectra are consistent with the standard spatially-flat six-parameter
⇤CDM cosmology with a power-law spectrum of adiabatic scalar perturbations (denoted “base ⇤CDM” in this paper). From the Planck tempera-
ture data combined with Planck lensing, for this cosmology we find a Hubble constant, H0 = (67.8±0.9) km s�1Mpc�1, a matter density parameter
⌦m = 0.308 ± 0.012, and a tilted scalar spectral index with ns = 0.968 ± 0.006, consistent with the 2013 analysis. (In this abstract we quote 68 %
confidence limits on measured parameters and 95 % upper limits on other parameters.) We present the first results of polarization measurements
with the Low Frequency Instrument at large angular scales. Combined with the Planck temperature and lensing data, these measurements give a
reionization optical depth of ⌧ = 0.066 ± 0.016, corresponding to a reionization redshift of zre = 8.8+1.7

�1.4. These results are consistent with those
from WMAP polarization measurements cleaned for dust emission using 353 GHz polarization maps from the High Frequency Instrument. We
find no evidence for any departure from base ⇤CDM in the neutrino sector of the theory. For example, combining Planck observations with other
astrophysical data we find Ne↵ = 3.15 ± 0.23 for the e↵ective number of relativistic degrees of freedom, consistent with the value Ne↵ = 3.046 of
the Standard Model of particle physics. The sum of neutrino masses is constrained to

P
m⌫ < 0.23 eV. The spatial curvature of our Universe is

found to be very close to zero with |⌦K | < 0.005. Adding a tensor component as a single-parameter extension to base ⇤CDM we find an upper
limit on the tensor-to-scalar ratio of r0.002 < 0.11, consistent with the Planck 2013 results and consistent with the B-mode polarization constraints
from a joint analysis of BICEP2, Keck Array, and Planck (BKP) data. Adding the BKP B-mode data to our analysis leads to a tighter constraint of
r0.002 < 0.09 and disfavours inflationary models with a V(�) / �2 potential. The addition of Planck polarization data leads to strong constraints on
deviations from a purely adiabatic spectrum of fluctuations. We find no evidence for any contribution from isocurvature perturbations or from cos-
mic defects. Combining Planck data with other astrophysical data, including Type Ia supernovae, the equation of state of dark energy is constrained
to w = �1.006 ± 0.045, consistent with the expected value for a cosmological constant. The standard big bang nucleosynthesis predictions for the
helium and deuterium abundances for the best-fit Planck base ⇤CDM cosmology are in excellent agreement with observations. We also analyse
constraints on annihilating dark matter and on possible deviations from the standard recombination history. In both cases, we find no evidence for
new physics. The Planck results for base ⇤CDM are in good agreement with baryon acoustic oscillation data and with the JLA sample of Type Ia
supernovae. However, as in the 2013 analysis, the amplitude of the fluctuation spectrum is found to be higher than inferred from some analyses
of rich cluster counts and weak gravitational lensing. We show that these tensions cannot easily be resolved with simple modifications of the base
⇤CDM cosmology. Apart from these tensions, the base ⇤CDM cosmology provides an excellent description of the Planck CMB observations and
many other astrophysical data sets.

Key words. Cosmology: observations – Cosmology: theory – cosmic microwave background – cosmological parameters
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Fig. 21. Left: Constraints on the tensor-to-scalar ratio r0.002 in the ⇤CDM model, using Planck TT+lowP and Planck
TT+lowP+lensing+BAO+JLA+H0 (red and blue, respectively) assuming negligible running and the inflationary consistency rela-
tion. The result is model-dependent; for example, the grey contours show how the results change if there were additional relativistic
degrees of freedom with �Ne↵ = 0.39 (disfavoured, but not excluded, by Planck). Dotted lines show loci of approximately con-
stant e-folding number N, assuming simple V / (�/mPl)p single-field inflation. Solid lines show the approximate ns–r relation for
quadratic and linear potentials to first order in slow roll; red lines show the approximate allowed range assuming 50 < N < 60 and
a power-law potential for the duration of inflation. The solid black line (corresponding to a linear potential) separates concave and
convex potentials. Right: Equivalent constraints in the ⇤CDM model when adding B-mode polarization results corresponding to the
default configuration of the BICEP2/Keck Array+Planck (BKP) likelihood. These exclude the quadratic potential at a higher level
of significance compared to the Planck-alone constraints.

limited by cosmic variance of the dominant scalar anisotropies,
and it is also model dependent. In polarization, in addition to B-
modes, the EE and T E spectra also contain a signal from tensor
modes coming from reionization and last scattering. However,
in this release the addition of Planck polarization constraints at
` � 30 do not significantly change the results from temperature
and low-` polarization (see Table 5).

Figure 21 shows the 2015 Planck constraint in the ns–r plane,
adding r as a one-parameter extension to base ⇤CDM. Note that
for base ⇤CDM (r = 0), the value of ns is

ns = 0.9655 ± 0.0062, Planck TT+lowP. (38)

We highlight this number here since ns, a key parameter for in-
flationary cosmology, shows one of the largest shifts of any pa-
rameter in base ⇤CDM between the Planck 2013 and Planck
2015 analyses (about 0.7�). As explained in Sect. 3.1, part of
this shift was caused by the ` ⇡ 1800 systematic in the nominal-
mission 217 ⇥ 217 spectrum used in PCP13.

The red contours in Fig. 21 show the constraints from Planck
TT+lowP. These are similar to the constraints shown in Fig. 23
of PCP13, but with ns shifted to slightly higher values. The ad-
dition of BAO or the Planck lensing data to Planck TT+lowP
lowers the value of ⌦ch2, which at fixed ✓⇤ increases the small-
scale CMB power. To maintain the fit to the Planck tempera-
ture power spectrum for models with r = 0, these parameter
shifts are compensated by a change in amplitude As and the tilt
ns (by about 0.4�). The increase in ns to match the observed
power on small scales leads to a decrease in the scalar power
on large scales, allowing room for a slightly larger contribution

from tensor modes. The constraints shown by the blue contours
in Fig. 21, which add Planck lensing, BAO, and other astrophys-
ical data, are therefore tighter in the ns direction and shifted to
slightly higher values, but marginally weaker in the r-direction.
The 95 % limits on r0.002 are

r0.002 < 0.10, Planck TT+lowP, (39a)
r0.002 < 0.11, Planck TT+lowP+lensing+ext, (39b)

consistent with the results reported in PCP13. Note that we as-
sume the second-order slow-roll consistency relation for the ten-
sor spectral index. The result in Eqs. (39a) and (39b) are mildly
scale dependent, with equivalent limits on r0.05 being weaker by
about 5 %.

PCP13 noted a mismatch between the best-fit base ⇤CDM
model and the temperature power spectrum at multipoles ` <⇠ 40,
partly driven by the dip in the multipole range 20 <⇠ ` <⇠ 30. If
this mismatch is simply a statistical fluctuation of the ⇤CDM
model (and there is no compelling evidence to think otherwise),
the strong Planck limit (compared to forecasts) is the result of
chance low levels of scalar mode confusion. On the other hand if
the dip represents a failure of the ⇤CDM model, the 95 % limits
of Eqs. (39a) and (39b) may be underestimates. These issues are
considered at greater length in Planck Collaboration XX (2015)
and will not be discussed further in this paper.

As mentioned above, the Planck temperature constraints on
r are model-dependent and extensions to ⇤CDM can give sig-
nificantly di↵erent results. For example, extra relativistic de-
grees of freedom increase the small-scale damping of the CMB
anisotropies at a fixed angular scale, which can be compensated
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by increasing ns, allowing a larger tensor mode. This is illus-
trated by the grey contours in Fig. 21, which show the constraints
for a model with �Ne↵ = 0.39. Although this value of �Ne↵ is
disfavoured by the Planck data (see Sect. 6.4.1) it is not excluded
at a high significance level.

This example emphasizes the need for direct tests of
tensor modes based on measurements of a large-scale B-
mode pattern in CMB polarization. Planck B-mode constraints
from the 100 and 143 GHz HFI channels, presented in
Planck Collaboration XI (2015), give a 95% upper limit of r <⇠
0.27. However, at present the tightest B-mode constraints on r
come from the BKP analysis of the BICEP2/Keck field, which
covers approximately 400 deg2 centered on RA 0h, Dec. �57.5�.
These measurements probe the peak of the B-mode power spec-
trum at around ` = 100, corresponding to gravitational waves
with k ⇡ 0.01 Mpc�1 that enter the horizon during recombina-
tion (i.e., somewhat smaller than the scales that contribute to the
Planck temperature constraints on r). The results of BKP give a
posterior for r that peaks at r0.05 ⇡ 0.05, but is consistent with
r0.05 = 0. Thus, at present there is no convincing evidence of a
primordial B-mode signal. At these low values of r, there is no
longer any tension with Planck temperature constraints.

The analysis of BKP constrains r defined relative to a fixed
fiducial B-mode spectrum, and on its own does not give a use-
ful constraint on either the scalar amplitude or ns. A combined
analysis of the Planck CMB spectra and the BKP likelihood can,
self-consistently, give constraints in the ns–r plane, as shown in
the right-hand panel of Fig. 21. The BKP likelihood pulls the
contours to slightly non-zero values of r, with best fits of around
r0.002 ⇡ 0.03, but at very low levels of statistical significance.
The BKP likelihood also rules out the upper tail of r values al-
lowed by Planck alone. The joint Planck+BKP likelihood anal-
yses give the 95 % upper limits

r0.002 < 0.08, Planck TT+lowP+BKP, (40a)
r0.002 < 0.09, Planck TT+lowP+lensing+ext+BKP. (40b)

The exact values of these upper limits are weakly dependent
on the details of the foreground modelling applied in the BKP
analysis (see BKP for further details). The results given here are
for the baseline two-parameter model, varying the B-mode dust
amplitude and frequency scaling, using the lowest five B-mode
bandpowers.

Allowing a running of the scalar spectral index as an addi-
tional free parameter weakens the Planck constraints on r0.002, as
shown in Fig. 22. The coloured samples in Fig. 22 illustrate how
a negative running allows the large-scale scalar spectral index
ns,0.002 to shift towards higher values, lowering the scalar power
on large scales relative to small scales, thereby allowing a larger
tensor contribution. However adding the BKP likelihood, which
directly constrains the tensor amplitude on smaller scales, sig-
nificantly reduces the extent of this degeneracy leading to a 95%
upper limit of r0.002 < 0.10 even in the presence of running (i.e.,
similar to the results of Eqs. 40a and 40b).

The Planck+BKP joint analysis rules out a quadratic infla-
tionary potential (V(�) / m2�2, predicting r ⇡ 0.16) at over
99% confidence and reduces the allowed range of parameter
space for models with convex potentials. Starobinsky-type mod-
els are an example of a wider class of inflationary theory in
which ns � 1 = O(1/N) is not a coincidence, yet r = O(1/N2)
(Roest 2014; Creminelli et al. 2014). These models have con-
cave potentials, and include a variety of string-inspired models
with exponential potentials. Models with r = O(1/N) are how-
ever still allowed by the data, including a simple linear potential

Fig. 22. Constraints on the tensor-to-scalar ratio r0.002 in
the ⇤CDM model with running, using Planck TT+lowP
(samples, coloured by the running parameter), and Planck
TT+lowP+lensing+BAO (black contours). Dashed contours
show the corresponding constraints also including the BKP B-
mode likelihood. These are compared to the constraints when
the running is fixed to zero (blue contours). Parameters are plot-
ted at the scale k = 0.002 Mpc�1, which is approximately the
scale at which Planck constrains tensor fluctuations; however,
the scalar tilt is only constrained well on much smaller scales.
The inflationary slow-roll consistency relation is used here for nt
(though the range of running allowed is much larger than would
be expected in most slow-roll models).

and fractional-power monomials, as well as regions of parameter
space in between where ns � 1 = O(1/N) is just a coincidence.
Models that have sub-Planckian field evolution, so satisfying the
Lyth bound (Lyth 1997; Garcia-Bellido et al. 2014), will typi-
cally have r <⇠ 2 ⇥ 10�5 for ns ⇡ 0.96, and are also consistent
with the tensor constraints shown in Fig. 21. For further discus-
sion of the implications of the Planck 2015 data for a wide range
of inflationary models see Planck Collaboration XX (2015).

In summary, the Planck limits on r are consistent with the
BKP limits from B-mode measurements. Both data sets are
consistent with r = 0. However, both datasets are compati-
ble with a tensor-scalar ratio of r ⇡ 0.09 at the 95% level.
The Planck temperature constraints on r are limited by cos-
mic variance. The only way of improving these limits, or po-
tentially detecting gravitational waves with r <⇠ 0.09, is through
direct B-mode detection. The Planck 353 GHz polarization maps
(Planck Collaboration Int. XXX 2014) show that at frequencies
of around 150 GHz, Galactic dust emission is an important con-
taminant at the r ⇡ 0.05 level even in the cleanest regions of the
sky. BKP demonstrates further that on small regions of the sky
covering a few hundred square degrees (typical of ground based
B-mode experiments), the Planck 353 GHz maps are of limited
use as monitors of polarized Galactic dust emission because of
their low signal-to-noise level. To achieve limits substantially
below r ⇡ 0.05 will require observations of comparable high
sensitivity over a range of frequencies, and with increased sky
coverage. The forthcoming measurements from Keck Array and
BICEP3 at 95 GHz and the Keck Array receivers at 220 GHz
should o↵er significant improvements on the current constraints.
A number of other ground-based and sub-orbital experiments
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ABSTRACT

This paper presents cosmological results based on full-mission Planck observations of temperature and polarization anisotropies of the cosmic mi-
crowave background (CMB) radiation. Our results are in very good agreement with the 2013 analysis of the Planck nominal-mission temperature
data, but with increased precision. The temperature and polarization power spectra are consistent with the standard spatially-flat six-parameter
⇤CDM cosmology with a power-law spectrum of adiabatic scalar perturbations (denoted “base ⇤CDM” in this paper). From the Planck tempera-
ture data combined with Planck lensing, for this cosmology we find a Hubble constant, H0 = (67.8±0.9) km s�1Mpc�1, a matter density parameter
⌦m = 0.308 ± 0.012, and a tilted scalar spectral index with ns = 0.968 ± 0.006, consistent with the 2013 analysis. (In this abstract we quote 68 %
confidence limits on measured parameters and 95 % upper limits on other parameters.) We present the first results of polarization measurements
with the Low Frequency Instrument at large angular scales. Combined with the Planck temperature and lensing data, these measurements give a
reionization optical depth of ⌧ = 0.066 ± 0.016, corresponding to a reionization redshift of zre = 8.8+1.7

�1.4. These results are consistent with those
from WMAP polarization measurements cleaned for dust emission using 353 GHz polarization maps from the High Frequency Instrument. We
find no evidence for any departure from base ⇤CDM in the neutrino sector of the theory. For example, combining Planck observations with other
astrophysical data we find Ne↵ = 3.15 ± 0.23 for the e↵ective number of relativistic degrees of freedom, consistent with the value Ne↵ = 3.046 of
the Standard Model of particle physics. The sum of neutrino masses is constrained to

P
m⌫ < 0.23 eV. The spatial curvature of our Universe is

found to be very close to zero with |⌦K | < 0.005. Adding a tensor component as a single-parameter extension to base ⇤CDM we find an upper
limit on the tensor-to-scalar ratio of r0.002 < 0.11, consistent with the Planck 2013 results and consistent with the B-mode polarization constraints
from a joint analysis of BICEP2, Keck Array, and Planck (BKP) data. Adding the BKP B-mode data to our analysis leads to a tighter constraint of
r0.002 < 0.09 and disfavours inflationary models with a V(�) / �2 potential. The addition of Planck polarization data leads to strong constraints on
deviations from a purely adiabatic spectrum of fluctuations. We find no evidence for any contribution from isocurvature perturbations or from cos-
mic defects. Combining Planck data with other astrophysical data, including Type Ia supernovae, the equation of state of dark energy is constrained
to w = �1.006 ± 0.045, consistent with the expected value for a cosmological constant. The standard big bang nucleosynthesis predictions for the
helium and deuterium abundances for the best-fit Planck base ⇤CDM cosmology are in excellent agreement with observations. We also analyse
constraints on annihilating dark matter and on possible deviations from the standard recombination history. In both cases, we find no evidence for
new physics. The Planck results for base ⇤CDM are in good agreement with baryon acoustic oscillation data and with the JLA sample of Type Ia
supernovae. However, as in the 2013 analysis, the amplitude of the fluctuation spectrum is found to be higher than inferred from some analyses
of rich cluster counts and weak gravitational lensing. We show that these tensions cannot easily be resolved with simple modifications of the base
⇤CDM cosmology. Apart from these tensions, the base ⇤CDM cosmology provides an excellent description of the Planck CMB observations and
many other astrophysical data sets.

Key words. Cosmology: observations – Cosmology: theory – cosmic microwave background – cosmological parameters
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by increasing ns, allowing a larger tensor mode. This is illus-
trated by the grey contours in Fig. 21, which show the constraints
for a model with �Ne↵ = 0.39. Although this value of �Ne↵ is
disfavoured by the Planck data (see Sect. 6.4.1) it is not excluded
at a high significance level.

This example emphasizes the need for direct tests of
tensor modes based on measurements of a large-scale B-
mode pattern in CMB polarization. Planck B-mode constraints
from the 100 and 143 GHz HFI channels, presented in
Planck Collaboration XI (2015), give a 95% upper limit of r <⇠
0.27. However, at present the tightest B-mode constraints on r
come from the BKP analysis of the BICEP2/Keck field, which
covers approximately 400 deg2 centered on RA 0h, Dec. �57.5�.
These measurements probe the peak of the B-mode power spec-
trum at around ` = 100, corresponding to gravitational waves
with k ⇡ 0.01 Mpc�1 that enter the horizon during recombina-
tion (i.e., somewhat smaller than the scales that contribute to the
Planck temperature constraints on r). The results of BKP give a
posterior for r that peaks at r0.05 ⇡ 0.05, but is consistent with
r0.05 = 0. Thus, at present there is no convincing evidence of a
primordial B-mode signal. At these low values of r, there is no
longer any tension with Planck temperature constraints.

The analysis of BKP constrains r defined relative to a fixed
fiducial B-mode spectrum, and on its own does not give a use-
ful constraint on either the scalar amplitude or ns. A combined
analysis of the Planck CMB spectra and the BKP likelihood can,
self-consistently, give constraints in the ns–r plane, as shown in
the right-hand panel of Fig. 21. The BKP likelihood pulls the
contours to slightly non-zero values of r, with best fits of around
r0.002 ⇡ 0.03, but at very low levels of statistical significance.
The BKP likelihood also rules out the upper tail of r values al-
lowed by Planck alone. The joint Planck+BKP likelihood anal-
yses give the 95 % upper limits

r0.002 < 0.08, Planck TT+lowP+BKP, (40a)
r0.002 < 0.09, Planck TT+lowP+lensing+ext+BKP. (40b)

The exact values of these upper limits are weakly dependent
on the details of the foreground modelling applied in the BKP
analysis (see BKP for further details). The results given here are
for the baseline two-parameter model, varying the B-mode dust
amplitude and frequency scaling, using the lowest five B-mode
bandpowers.

Allowing a running of the scalar spectral index as an addi-
tional free parameter weakens the Planck constraints on r0.002, as
shown in Fig. 22. The coloured samples in Fig. 22 illustrate how
a negative running allows the large-scale scalar spectral index
ns,0.002 to shift towards higher values, lowering the scalar power
on large scales relative to small scales, thereby allowing a larger
tensor contribution. However adding the BKP likelihood, which
directly constrains the tensor amplitude on smaller scales, sig-
nificantly reduces the extent of this degeneracy leading to a 95%
upper limit of r0.002 < 0.10 even in the presence of running (i.e.,
similar to the results of Eqs. 40a and 40b).

The Planck+BKP joint analysis rules out a quadratic infla-
tionary potential (V(�) / m2�2, predicting r ⇡ 0.16) at over
99% confidence and reduces the allowed range of parameter
space for models with convex potentials. Starobinsky-type mod-
els are an example of a wider class of inflationary theory in
which ns � 1 = O(1/N) is not a coincidence, yet r = O(1/N2)
(Roest 2014; Creminelli et al. 2014). These models have con-
cave potentials, and include a variety of string-inspired models
with exponential potentials. Models with r = O(1/N) are how-
ever still allowed by the data, including a simple linear potential
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Fig. 22. Constraints on the tensor-to-scalar ratio r0.002 in
the ⇤CDM model with running, using Planck TT+lowP
(samples, coloured by the running parameter), and Planck
TT+lowP+lensing+BAO (black contours). Dashed contours
show the corresponding constraints also including the BKP B-
mode likelihood. These are compared to the constraints when
the running is fixed to zero (blue contours). Parameters are plot-
ted at the scale k = 0.002 Mpc�1, which is approximately the
scale at which Planck constrains tensor fluctuations; however,
the scalar tilt is only constrained well on much smaller scales.
The inflationary slow-roll consistency relation is used here for nt
(though the range of running allowed is much larger than would
be expected in most slow-roll models).

and fractional-power monomials, as well as regions of parameter
space in between where ns � 1 = O(1/N) is just a coincidence.
Models that have sub-Planckian field evolution, so satisfying the
Lyth bound (Lyth 1997; Garcia-Bellido et al. 2014), will typi-
cally have r <⇠ 2 ⇥ 10�5 for ns ⇡ 0.96, and are also consistent
with the tensor constraints shown in Fig. 21. For further discus-
sion of the implications of the Planck 2015 data for a wide range
of inflationary models see Planck Collaboration XX (2015).

In summary, the Planck limits on r are consistent with the
BKP limits from B-mode measurements. Both data sets are
consistent with r = 0. However, both datasets are compati-
ble with a tensor-scalar ratio of r ⇡ 0.09 at the 95% level.
The Planck temperature constraints on r are limited by cos-
mic variance. The only way of improving these limits, or po-
tentially detecting gravitational waves with r <⇠ 0.09, is through
direct B-mode detection. The Planck 353 GHz polarization maps
(Planck Collaboration Int. XXX 2014) show that at frequencies
of around 150 GHz, Galactic dust emission is an important con-
taminant at the r ⇡ 0.05 level even in the cleanest regions of the
sky. BKP demonstrates further that on small regions of the sky
covering a few hundred square degrees (typical of ground based
B-mode experiments), the Planck 353 GHz maps are of limited
use as monitors of polarized Galactic dust emission because of
their low signal-to-noise level. To achieve limits substantially
below r ⇡ 0.05 will require observations of comparable high
sensitivity over a range of frequencies, and with increased sky
coverage. The forthcoming measurements from Keck Array and
BICEP3 at 95 GHz and the Keck Array receivers at 220 GHz
should o↵er significant improvements on the current constraints.
A number of other ground-based and sub-orbital experiments
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amplitude and frequency scaling, using the lowest five B-mode
bandpowers.

Allowing a running of the scalar spectral index as an addi-
tional free parameter weakens the Planck constraints on r0.002, as
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a negative running allows the large-scale scalar spectral index
ns,0.002 to shift towards higher values, lowering the scalar power
on large scales relative to small scales, thereby allowing a larger
tensor contribution. However adding the BKP likelihood, which
directly constrains the tensor amplitude on smaller scales, sig-
nificantly reduces the extent of this degeneracy leading to a 95%
upper limit of r0.002 < 0.10 even in the presence of running (i.e.,
similar to the results of Eqs. 40a and 40b).

The Planck+BKP joint analysis rules out a quadratic infla-
tionary potential (V(�) / m2�2, predicting r ⇡ 0.16) at over
99% confidence and reduces the allowed range of parameter
space for models with convex potentials. Starobinsky-type mod-
els are an example of a wider class of inflationary theory in
which ns � 1 = O(1/N) is not a coincidence, yet r = O(1/N2)
(Roest 2014; Creminelli et al. 2014). These models have con-
cave potentials, and include a variety of string-inspired models
with exponential potentials. Models with r = O(1/N) are how-
ever still allowed by the data, including a simple linear potential

Fig. 22. Constraints on the tensor-to-scalar ratio r0.002 in
the ⇤CDM model with running, using Planck TT+lowP
(samples, coloured by the running parameter), and Planck
TT+lowP+lensing+BAO (black contours). Dashed contours
show the corresponding constraints also including the BKP B-
mode likelihood. These are compared to the constraints when
the running is fixed to zero (blue contours). Parameters are plot-
ted at the scale k = 0.002 Mpc�1, which is approximately the
scale at which Planck constrains tensor fluctuations; however,
the scalar tilt is only constrained well on much smaller scales.
The inflationary slow-roll consistency relation is used here for nt
(though the range of running allowed is much larger than would
be expected in most slow-roll models).

and fractional-power monomials, as well as regions of parameter
space in between where ns � 1 = O(1/N) is just a coincidence.
Models that have sub-Planckian field evolution, so satisfying the
Lyth bound (Lyth 1997; Garcia-Bellido et al. 2014), will typi-
cally have r <⇠ 2 ⇥ 10�5 for ns ⇡ 0.96, and are also consistent
with the tensor constraints shown in Fig. 21. For further discus-
sion of the implications of the Planck 2015 data for a wide range
of inflationary models see Planck Collaboration XX (2015).

In summary, the Planck limits on r are consistent with the
BKP limits from B-mode measurements. Both data sets are
consistent with r = 0. However, both datasets are compati-
ble with a tensor-scalar ratio of r ⇡ 0.09 at the 95% level.
The Planck temperature constraints on r are limited by cos-
mic variance. The only way of improving these limits, or po-
tentially detecting gravitational waves with r <⇠ 0.09, is through
direct B-mode detection. The Planck 353 GHz polarization maps
(Planck Collaboration Int. XXX 2014) show that at frequencies
of around 150 GHz, Galactic dust emission is an important con-
taminant at the r ⇡ 0.05 level even in the cleanest regions of the
sky. BKP demonstrates further that on small regions of the sky
covering a few hundred square degrees (typical of ground based
B-mode experiments), the Planck 353 GHz maps are of limited
use as monitors of polarized Galactic dust emission because of
their low signal-to-noise level. To achieve limits substantially
below r ⇡ 0.05 will require observations of comparable high
sensitivity over a range of frequencies, and with increased sky
coverage. The forthcoming measurements from Keck Array and
BICEP3 at 95 GHz and the Keck Array receivers at 220 GHz
should o↵er significant improvements on the current constraints.
A number of other ground-based and sub-orbital experiments
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by inverting the linear system using a generalized Least Square solution in pixel space. The linearity of the
process allows for estimating foreground residual and noise errors by filtering separately a foreground-only
dataset and a noise-only dataset. This method results in errors forecasts in agreement with those obtained
in figure 9.

More technical details about the component separation for COrE can be found on the website : www.core-
mission.org/proposal/foregrounds.

Figure 9: Component separation exercise for B mode detection assuming (T/S) = 10�3. The solid black curve shows
the predicted blackbody B mode power spectrum, which is a combination of the tensor B modes (black curve) and a
gravitational lensing background (not shown) making primordial E modes appear as B modes in part. The upper solid
blue curve shows the contribution of di↵use galactic emission in one of the “cleaner” channels (here 105 GHz). The
red curve indicates the instrument noise that would be obtained combining five CMB channels, an the light blue curve
indicates contamination by point sources after the brightest ones (S > 100 mJy at 20GHz and S > 500 mJy at 100
microns) have been cut out. The purple data points indicate the recovered raw primordial spectrum measurements, as
compared to the theoretical spectrum (purple line). The black points result after the gravitational lensing contribution
has been removed, leaving only the recovered tensor contribution. Here a galactic cut with a conservative fsky ' 0.50
has been used.

2.6 Why space?

Balloon experiments such as EBEX and SPIDER along with ground-based telescopes such as PolarBear and
SPT1), with thousands of detectors in one or two frequency bands and su�ciently long integration time, are
just now reaching levels of instantaneous sensitivity to achieve white-noise levels of 3µK per arcminute at
a single frequency, arguably su�cient to reach r ' 0.05 in the absence of contaminating systematics, with
angular resolutions varying from ten arcmin to one degree. These experiments have already shown us the
technical feasibility of measuring the CMB with thousands of detectors.

However, the full science goals that we have outlined above require a yet higher sensitivity to cosmological
and astrophysical polarization over a wider range of angular scales and frequencies. To achieve this in practice
further requires control of systematics at a level that cannot be achieved in suborbital experiments. A satellite
experiment like COrE is therefore a necessary next step. It will observe the full sky, have multiple bands over
more than a decade of frequency, and take data for very long integration times in the very quiet environment
of the L2 Lagrange point of the Sun-Earth system.

2.6.1 Full sky coverage

COrE ’s science goals are best achieved with high sensitivity over the full sky. This will enable measurement
of the reionization signal in polarization, crucial for confirmation of the last-scattering B-mode signal at

1for an up-to-date list of suborbital experiments, see http://lambda.gsfc.nasa.gov/product/suborbit/su experiments.cfm
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4 Model payload to achieve the science objectives

4.1 Overview of the payload

Based on the exceptional results from the Planck mission and on its actual performances we are now in a
better position to optimize a new satellite design. COrE is an evolutionary concept based heavily on Planck
and Herschel missions, plus a generation of ground based projects. The science breakthrough is via the great
increase of number of detectors through the use of large arrays of feedhorn coupled dual-polarized detectors
divided in 15 spectral bands. Moreover, in comparison to Planck, the incoming polarization is modulated
through the use a unique rotating reflective half-wave plate (RHWP) leading to a much greater accuracy in
the measurement of the polarization.

The instrument (Fig.10) is based on an o↵-axis reflective telescope able to accept a large focal plane area
(Fig.11 left) with limited aberrations and cross-polarization. The RHWP is located at the entrance aperture
of the telescope so that the instrumental polarization systematic e↵ects are easier to remove. The incoming
radiation then goes through the telescope to be focused onto the horns that are coupled to Ortho-Mode
Transducers (OMT) through a circular waveguide. Each branch of the OMTs separating the two linear
polarizations is coupled to a detector. The cold optics (feedhorns - OMTs - detectors) is cooled at 100 mK
and surrounded by several successive temperature stages. The whole instrument is enclosed in a passively
cooled 35 K shield. The telescope mirrors and the RHWP could be at a lower temperature of 30 K.

Figure 11: Left: FPU: the highest frequency band (795 GHz) is at the center and the 45 GHz horns at the periphery.
Right: Ray-Tracing of the optical system showing the o↵-axis telescope and the RHWP. Fig.10 shows the instrument
inside the Soyuz fairing.

4.2 Description of the measurement technique

COrE is devoted to a full sky measurement of anisotropies and polarization of the CMB. The choice of a
far-Earth orbit, such as a halo or a quasi-periodic Lissajous orbit around the Sun-Earth Lagrangian point
L2, is a mandatory feature for COrE in order to minimize stray light contamination from sidelobe pick-up.
Requirements for far-sidelobe rejection are extremely tight for COrE . Because the broad features of the beam
pattern at large o↵-axis angles are essentially the same for all detectors at a given frequency, the required
rejection must be calculated against the total sensitivity per frequency channel. UsingPlanck as a guideline,
and assuming a factor of 10 better sensitivity for COrE in an L2 orbit, we need roughly -110dB rejection for
Sun contamination, -100dB for the Earth, and -80dB for the Moon. Stringent, highly frequency-dependent
rejection requirements will be imposed also by straylight from Galactic di↵use emission on intermediate
sidelobes. While challenging, stray light rejection limits for COrE can be achieved with very careful optical
design and can be tested with a moderate extrapolation of the state-of-the-art technology developed by
ESA for the Planck mission. Furthermore, the excellent thermal stability of the L2 environment is ideal to
minimize thermal systematic e↵ects on the instrument. The experiences of both WMAP and Planck have
demonstrated exquisite thermal stability for small changes in the solar aspect angle, with very small and
slow residual thermal drifts.

From the data analysis point of view, we need full sky coverage, to optimize the redundancy per map
pixel and the variety of time scales involved in the re-visit of a given pixel in order to reject “naturally” the
statistical noise and most common systematics. Also, polarization determination requires a wide variety of
measurement angles per pixel. In the first B-Pol proposal, all the polarization modulation e↵orts were put
on the payload motion. This led to a sophisticated (but feasible) scanning strategy and set tight constraints
on sun shielding. For COrE , the addition of a HWP modulator relaxes these requirements and allows to
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FIG. 6. Likelihood results from a basic lensed-⇤CDM+r+dust model, fitting BB auto- and cross-spectra taken between maps
at 150GHz, 217, and 353GHz. The 217 and 353GHz maps come from Planck. The primary results (heavy black) use the
150GHz combined maps from BICEP2/Keck. Alternate curves (light blue and red) show how the results vary when the
BICEP2 and Keck Array only maps are used. In all cases a Gaussian prior is placed on the dust frequency spectrum parameter
�d = 1.59± 0.11. In the right panel the two dimensional contours enclose 68% and 95% of the total likelihood.

variation at high latitude, as explained in Sec. VA.
Nevertheless, it is important to appreciate that the
r constraint curves shown in Fig. 6 shift left (right)
when assuming a lower (higher) value of �d. For
�d = 1.3 ± 0.11 the peak is at r = 0.021 and for
�d = 1.9± 0.11 the peak is at r = 0.073.

• Varying the dust power spectrum shape: in
the fiducial analysis the dust spatial power spec-
trum is assumed to be a power law with D` /
`�0.42. Marginalizing over spectral indices in the
range �0.8 to 0 we find little change in the r con-
straint (see also Sec. IVB for an alternate relax-
ation of the assumptions regarding the spatial prop-
erties of the dust pattern).

• Using Gaussian determinant likelihood: the
fiducial analysis uses the HL likelihood approx-
imation, as described in Sec. III A. An alterna-
tive is to recompute the covariance matrix C at
each point in parameter space and take L =
det (C)�1/2 exp (�(dTC�1d)/2), where d is the de-
viation of the observed bandpowers from the model
expectation values. This results in an r constraint
which peaks slightly lower, as shown in Fig. 7. Run-
ning both methods on the simulated realizations
described in Sec. IVA, indicates that such a dif-
ference is not unexpected and that there may be
a small systematic downward bias in the Gaussian
determinant method.

• Varying the HL fiducial model: as mentioned
in Sec. IIIA the HL likelihood formulation requires
that the expectation values and bandpower co-
variance matrix be provided for a single “fiducial
model” (not to be confused with the “fiducial anal-
ysis” of Sec. III B). Normally we use the lensed-
⇤CDM+dust simulations described in Sec. IVA be-
low. Switching this to lensed-⇤CDM+r=0.2 pro-
duces no change on average in the simulations, al-

though it does cause any given realization to shift
slightly—the change for the real data case is shown
in Fig. 7.

• Adding synchrotron: BK-I took the WMAP K -
band (23GHz) map, extrapolated it to 150GHz ac-
cording to ⌫�3.3 (mean value within the BICEP2
field of the MCMC “Model f” spectral index map
provided by WMAP [2]), and found a negligible
predicted contribution (rsync,150 = 0.0008±0.0041).
Figure 3 does not o↵er strong motivation to reex-
amine this finding—the only significant detections
of correlated BB power are in the BK150⇥P353
and, to a lesser extent, BK150⇥P217 spectra. How-
ever, here we proceed to a fit including all the
polarized bands of Planck (as shown in Fig. 3)
and adding a synchrotron component to the base
lensed-⇤CDM+noise+r+dust model. We take syn-
chrotron to have a power law spectrum D` /
`�0.6 [23], with free amplitude Async, where Async is
the amplitude at ` = 80 and at 150GHz, and scal-
ing with frequency according to ⌫�3.3. In such a
scenario we can vary the degree of correlation that
is assumed between the dust and synchrotron sky
patterns. Figure 8 shows results for the uncorre-
lated and fully correlated cases. Marginalizing over
r and Ad we find Async < 0.0003µK2 at 95% con-
fidence for the uncorrelated case, and many times
smaller for the correlated. This last is because once
one has a detection of dust it e↵ectively becomes
a template for the synchrotron. This synchrotron
limit is driven by the Planck 30 GHz band—we ob-
tain almost identical results when adding only this
band, and a much softer limit when not including it.
If we instead assume synchrotron scaling of ⌫�3.0

the limit on Async is approximately doubled for the
uncorrelated case and reduced for the correlated.
(Because the DS1⇥DS2 data-split is not available
for the Planck LFI bands we switch to Y1⇥Y2 for

Other Results 

•  Dust power amplitude  Ad = 3.6 muK^2 

•   fixed spatial scaling  l  -0.42 

•   fixed dust temp Td=19.6 K , graybody index prior, 
βd=-1.59+-0.11     [Consistent with PIP-XXX] 
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l  Cosmic Gravity wave background from inflation 

COBE-DMR normalized 
prediction of  inflationary GW 
background spectrum 

(GW energy density per log  
interval in wavenumber) 

(Souradeep & Sahni, 1992, 
Souradeep, Ph.D.thesis, 1995) 

LIGO  (science runs 2002) : 
Laser Interferometer  Gravity wave Observatory 

LISA  (2010) : 
Laser Interferometer  Space Antenna 

First CMB (COBE) 
normalized  

GW spectrum 
Souradeep & Sahni 

1992 
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Spectral energy density of 
SGWB 

•  SGWB  : 
 

– Critical (charactersitic) 

 density for  universe: 

–  total SGWB energy density: 

⌦GW (k) =
4⇡

3
(
c

H0
)2k3PT (k)[kT

0
]2




