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Inflation and primordial GWs 
Inflation: a scenario of accelerated expansion in the very early universe that solves 

 the initial conditions problem of the classical Big Band theory.  

• For inflation to explain flatness of our observable 
universe, a sustained period of acceleration is required 

• This implies ε=O(N–1) [or smaller], where N is the 
number of e-fold of expansion counted from the end of 
inflation:

Inflation, defined
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• Accelerated expansion during the early universe
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[a is the scale factor]

6 Initial Conditions from Inflation

Arguably, the most important consequence of inflation is the fact that it includes a natural

mechanism to produce primordial seeds for all of the large-scale structures we see around us.

The reason why inflation inevitably produces fluctuations is simple: as we have seen in Chapter 2,

the evolution of the inflaton field �(t) governs the energy density of the early universe ⇢(t) and

hence controls the end of inflation. Essentially, the field � plays the role of a local “clock”

reading o↵ the amount of inflationary expansion still to occur. By the uncertainty principle,

arbitrarily precise timing is not possible in quantum mechanics. Instead, quantum-mechanical

clocks necessarily have some variance, so the inflaton will have spatially varying fluctuations

��(t,x) ⌘ �(t,x) � �̄(t). There will hence be local di↵erences in the time when inflation ends,

�t(x), so that di↵erent regions of space inflate by di↵erent amounts. These di↵erences in the

end reheatinginflation

Figure 6.1: Quantum fluctuations ��(t,x) around the classical background evolution �̄(t). Regions acquir-
ing a negative fluctuations �� remain potential-dominated longer than regions with positive ��. Di↵erent
parts of the universe therefore undergo slightly di↵erent evolutions. After inflation, this induces density
fluctuations �⇢(t,x).

local expansion histories lead to di↵erences in the local densities after inflation, �⇢(t,x), and

ultimately in the CMB temperature, �T (x). The main purpose of this chapter is to compute this

e↵ect. It is worth remarking that the theory wasn’t engineered to produce the CMB fluctuations,

but their origin is instead a natural consequence of treating inflation quantum mechanically.

6.1 From Quantum to Classical

Before we get into the details, let me describe the big picture. At early times, all modes of

interest were inside the horizon during inflation (see fig. 6.2). On small scales fluctuations in the

inflaton field are described by a collection of harmonic oscillators. Quantum fluctuations induce

a non-zero variance in the amplitudes of these oscillators

h|��k|2i ⌘ h0||��k|2|0i . (6.1.1)
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Constant	expansion	rate:	H	≈	constant		
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The inflationary expansion stretches these fluctuations to superhorizon scales. (In comoving

coordinates, the fluctuations have constant wavelengths, but the Hubble radius shrinks, creating

super-Hubble fluctuations in the process.)

superhorizonsubhorizon

CMB todayhorizon 
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time
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quantum
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reheating

classical stochastic field
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Figure 6.2: Curvature perturbations during and after inflation: The comoving horizon (aH)�1 shrinks
during inflation and grows in the subsequent FRW evolution. This implies that comoving scales k�1 exit
the horizon at early times and re-enter the horizon at late times. While the curvature perturbations R are
outside of the horizon they don’t evolve, so our computation for the correlation function h|Rk|2i at horizon
exit during inflation can be related directly to observables at late times.

At horizon crossing, k = aH, it is convenient to switch from inflaton fluctuations �� to

fluctuations in the conserved curvature perturbations R. The relationship between R and �� is

simplest in spatially flat gauge :

R = �H
�̄ 0 �� . (6.1.2)

�� ! R.—From the gauge-invariant definition of R, eq. (4.3.159), we get

R = C � 1

3
r2E +H(B + v)

spatially flat���������! H(B + v) . (6.1.3)

We recall that the combination B+v appeared in the o↵-diagonal component of the perturbed stress
tensor, cf. eq. (4.2.76),

�T 0
j = �(⇢̄+ P̄ )@j(B + v) . (6.1.4)

We compare this to the first-order perturbation of the stress tensor of a scalar field, cf. eq. (2.3.26),

�T 0
j = g0µ@µ�@j�� = ḡ00@0�̄@j�� =

�̄ 0

a2
@j�� , (6.1.5)

to get

B + v = ���

�̄ 0 . (6.1.6)

Substituting (6.1.6) into (6.1.3) we obtain (6.1.2).

Several	problems	of	the	classical	Big	Bang	
model	are	naturally	solved:		

	Horizon	
	Flatness	
	Topological	defects	



Inflation and primordial GWs 
Its major success is that it explains the LSS as originated from quantum fluctuations at 
microscopic scales that were stretched beyond the horizon.     

Prize	of	the	BBVA	Founda3on	2015	in	basic	Sciences		

Is this result a definitive evidence of inflation? 

Cosmology
Part III Mathematical Tripos

13.8 billion yrs

380,000 yrs

10-34 sec

Daniel Baumann
dbaumann@damtp.cam.ac.uk



Are there definitive evidences of an 
accelerated expansion in the early universe? 

Curvature fluctuations: 

ζ     H(t) but the proportionality factor depends on the matter properties present 
in the universe (ε, cs) .  
H(t) could vary rapidly keeping ζ nearly scale-invariant if the matter properties, 
ε and/or cs,  also vary compensating the H(t) variation. 

 A direct measurement of H(t) is needed  

Time	dependent	

In the inflation model H is nearly constant: 

Nearly scale invariant spectrum: Δ2ζ (k) = As
k
k*
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Primordial gravitational waves 

A more robust and model independent prediction of  
inflation  

Time	independent	

The standard inflation model predicts 
a scale invariant spectrum: 

Δ2t (k) = 2 hij
prim (k)hprim

ij,* (k) = At
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From NASA Goddard Space Flight Center 



Primordial gravitational wave spectrum 
	

of gravitational waves evolves just like that of radiation
inside the horizon, ~!h!"; k" / a#4, for k$ aH. This im-
plies that the relative spectral energy density, !h!"; k",
inside the horizon remains independent of time during
the radiation era while it decreases as !h!"; k" / a#1 dur-
ing the matter era. Therefore, the modes that entered the
horizon during the matter era later would decay less. As
the low frequency modes represent the modes that entered
the horizon at late times, !h!"; k" rises toward lower
frequencies. On the other hand, !h!"; k" at k * 10#15 Hz
is independent of k. These are the modes that entered the
horizon during the radiation era for which !h!"; k" was
independent of time. After the matter-radiation equality all
of these modes suffered the same amount of redshift, and
thus the shape of !h!"; k" still remains scale-invariant at
k * 10#15 Hz.

These qualitative arguments may be made more quanti-
tative by using the following analytical solutions of
!h!"; k" for three different regimes (see Appendix B for
derivation):

!h!"< "eq; k > keq" %
"2
h;prima

2

12H2
eqa4

eq
k2&j1!k""'2; (19)
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"2
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"
2
; (21)

where "eq is the conformal time at the matter-radiation
equality, keq is the comoving wavenumber of the modes
that entered the horizon at equality, and j00!x" % #j1!x"
and &j1!x"

x '0 % #
j2!x"
x have been used to compute T 0!"; k".

(Spherical Bessel functions are given in Appendix A.) The
first solution [Eq. (19)] describes !h!"; k" during radiation
era for the modes that entered the horizon before "eq. This
solution is of course not relevant to what we observe today.
(We do not live in the radiation era.) The second [Eq. (20)]
and third [Eq. (21)] solutions describe !h!"; k" during
matter era for the modes that entered the horizon before
and after "eq, respectively. The k-dependent coefficients
A!k" andB!k" are given in Eq. (B9) and (B10), respectively.
While the expression is slightly complicated, one can find
that the second solution is independent of k when the
oscillatory part is averaged out, which explains a scale-
invariant spectrum at high frequencies, k > keq )
10#15 Hz. On the other hand, the third solution gives
!h!"; k" / k#2, which explains the low frequency
spectrum.

Figure 1 (and its extension to slow-roll inflation which
yields a small tilt in the overall shape of the spectrum) has
been widely referred to as the prediction from the standard
model of cosmology. However, as we shall show in the
subsequent sections, the standard model of cosmology
actually yields much richer gravitational wave spectrum
with more characteristic features in it.

III. THE EFFECTIVE RELATIVISTIC DEGREES
OF FREEDOM: g*

It is often taken for granted that energy density of the
universe evolves as ! / a#4 during the radiation era. This
is exactly what caused a scale-invariant spectrum of !h!k"
at k > keq. However, ! / a#4 does not always hold even
during the radiation era, as some particles would become
nonrelativistic before the others and stop contributing to
the radiation energy density.

During the radiation era many kinds of particles inter-
acted with photons frequently so that they were in thermal
equilibrium. In an adiabatic system, the entropy per unit
comoving volume must be conserved [36];

S!T" % s!T"a3!T" % constant; (22)

where

s!T" % 2#2

45
g*s!T"T3:

The entropy density, s!T", is given by the energy density
and pressure; s % !!( p"=T. The energy density and
pressure in such a plasma-dominant universe are given by

!!T" % #2

30
g*!T"T4; (23)

FIG. 1. The primordial gravitational wave spectrum at present,
" % "0, as a function of the comoving wavenumber, k (or kc in
units of Hertz). The frequency of gravitational waves observed
today is related to k by f0 % kc=2#. The spectrum at large
wavenumber is exactly scale-invariant as we have assumed de
Sitter inflation. In this figure we have not taken into account the
effects of the change in effective relativistic degrees of freedom
or neutrino free-streaming.

YUKI WATANABE AND EIICHIRO KOMATSU PHYSICAL REVIEW D 73, 123515 (2006)

123515-4

Horizon entrance 
in matter era 

Horizon entrance in  
radiation era 

Ωh τ,k( )∝ a−1
For GWs entering the horizon 
during the matter era: 
 
 
This explains the rise towards 
lower frequencies at k < 10-15Hz 
 

Ωh τ,k( )∝ const

However, for GWs entering the 
horizon during the radiation era 
there is no evolution: 
 
 
This explains the scale-invariant 
spectrum at higher frequencies  
k > 10-15Hz 
 

Watanabe & Komatsu 2006 

Frequency of GWs 
 observed today:  

Evolu3on	of	the	rela3ve	spectral		
energy	density	Ωh(τ,k):	

f0 =
kc
2π

k-2 

CMB 



The best strategy to detect the PGW 
Both matter and gravitational waves leave its imprint in the CMB 

Planck	2015	



CMB polarization 
Polarization is only generated through photon-matter interaction 

Two epochs in the universe: recombination and reionization 

Both scalar and tensor perturbations produce a quadrupole at the end of 
decoupling/reionization causing the polarization of the CMB photons. 

From Wayne Hu 



CMB polarization 

Perturbations in the matter density can 
only generate E mode.  

However GWs can generate both E and 
B modes.  

Modo E Modo B 

E < 0 

E > 0 

B > 0 

B < 0 



Planck data 

A&A proofs: manuscript no. planck_2015_iands

Table 29. Tm, as defined in Eqs. (69) and (70), for di�erent thresholds ‹. The expected values, together with the 1 ‡ (68 % CL)
and 2 ‡ (95 % CL) ranges determined from simulations are given in brackets.

T
0

T
2

Method Hot spots Cold spots Hot spots Cold spots
threshold ‹ = 0

Commander . . . . ≠0.03( 0.04+0.06+0.15

≠0.04≠0.07

) ≠0.04( 0.04+0.06+0.16

≠0.04≠0.07

) 0.07(0.04+0.01+0.03

≠0.02≠0.04

) 0.06(0.04+0.01+0.03

≠0.02≠0.04

)
NILC . . . . . . . . . ≠0.04( 0.04+0.06+0.15

≠0.04≠0.07

) ≠0.05( 0.04+0.06+0.16

≠0.04≠0.07

) 0.06(0.03+0.01+0.02

≠0.02≠0.04

) 0.05(0.03+0.01+0.03

≠0.02≠0.04

)
SEVEM . . . . . . . . ≠0.03( 0.04+0.06+0.16

≠0.04≠0.07

) ≠0.04( 0.04+0.06+0.16

≠0.04≠0.07

) 0.06(0.04+0.01+0.03

≠0.02≠0.04

) 0.06(0.04+0.01+0.03

≠0.02≠0.04

)
SMICA . . . . . . . . ≠0.03(≠0.01+0.03+0.07

≠0.02≠0.04

) ≠0.05(≠0.00+0.03+0.07

≠0.02≠0.04

) 0.06(0.04+0.01+0.03

≠0.02≠0.04

) 0.06(0.04+0.01+0.03

≠0.02≠0.04

)
threshold ‹ = 1

Commander . . . . ≠0.06( 0.05+0.09+0.22

≠0.05≠0.10

) ≠0.06( 0.05+0.09+0.21

≠0.06≠0.09

) 0.06(0.03+0.02+0.03

≠0.02≠0.04

) 0.04(0.03+0.02+0.03

≠0.02≠0.04

)
NILC . . . . . . . . . ≠0.06( 0.05+0.09+0.22

≠0.05≠0.10

) ≠0.07( 0.05+0.09+0.21

≠0.05≠0.09

) 0.06(0.02+0.02+0.03

≠0.02≠0.04

) 0.04(0.02+0.02+0.03

≠0.02≠0.04

)
SEVEM . . . . . . . . ≠0.06( 0.06+0.09+0.22

≠0.05≠0.10

) ≠0.06( 0.06+0.09+0.22

≠0.05≠0.10

) 0.06(0.03+0.02+0.03

≠0.02≠0.04

) 0.04(0.03+0.02+0.03

≠0.02≠0.04

)
SMICA . . . . . . . . ≠0.06(≠0.01+0.04+0.10

≠0.03≠0.06

) ≠0.07(≠0.01+0.04+0.10

≠0.03≠0.06

) 0.06(0.03+0.02+0.03

≠0.02≠0.04

) 0.04(0.03+0.02+0.03

≠0.02≠0.04

)

Table 30. T
0

, as defined in Eqs. (69) and (70), for di�erent thresholds ‹ and hemispheres. The “north” hemisphere is centred on
the Galactic coordinate (l, b) = (212¶

, ≠13¶) and the “south” hemisphere in the opposite direction. The expected values, together
with the 1 ‡ (68 % CL) and 2 ‡ (95 % CL) ranges determined from simulations are given in brackets.

“North” T
0

“South” T
0

Method Hot spots Cold spots Hot spots Cold spots
threshold ‹ = 0

Commander . . . . . ≠0.02( 0.03+0.07+0.16

≠0.04≠0.07

) ≠0.03( 0.03+0.07+0.18

≠0.04≠0.07

) ≠0.05( 0.03+0.07+0.18

≠0.05≠0.07

) ≠0.06( 0.03+0.07+0.18

≠0.04≠0.07

)
NILC . . . . . . . . . ≠0.02( 0.02+0.07+0.16

≠0.04≠0.07

) ≠0.03( 0.02+0.07+0.17

≠0.04≠0.07

) ≠0.05( 0.02+0.07+0.18

≠0.04≠0.07

) ≠0.06( 0.02+0.07+0.18

≠0.04≠0.07

)
SEVEM . . . . . . . . ≠0.02( 0.03+0.07+0.17

≠0.04≠0.07

) ≠0.03( 0.03+0.07+0.18

≠0.04≠0.07

) ≠0.05( 0.03+0.07+0.18

≠0.05≠0.07

) ≠0.06( 0.03+0.07+0.18

≠0.04≠0.07

)
SMICA . . . . . . . . ≠0.02(≠0.01+0.04+0.09

≠0.03≠0.05

) ≠0.03(≠0.01+0.04+0.09

≠0.03≠0.05

) ≠0.05(≠0.01+0.04+0.08

≠0.03≠0.05

) ≠0.07(≠0.01+0.04+0.08

≠0.03≠0.05

)
threshold ‹ = 1

Commander . . . . ≠0.04( 0.03+0.09+0.22

≠0.06≠0.10

) ≠0.05( 0.03+0.09+0.23

≠0.06≠0.10

) ≠0.08( 0.04+0.09+0.25

≠0.06≠0.11

) ≠0.08( 0.04+0.09+0.24

≠0.06≠0.10

)
NILC . . . . . . . . . ≠0.05( 0.03+0.10+0.23

≠0.06≠0.10

) ≠0.06( 0.02+0.09+0.23

≠0.06≠0.10

) ≠0.08( 0.03+0.09+0.25

≠0.06≠0.11

) ≠0.08( 0.03+0.09+0.24

≠0.06≠0.10

)
SEVEM . . . . . . . . ≠0.04( 0.04+0.10+0.23

≠0.06≠0.10

) ≠0.05( 0.03+0.10+0.23

≠0.06≠0.10

) ≠0.08( 0.04+0.09+0.25

≠0.07≠0.11

) ≠0.08( 0.04+0.09+0.24

≠0.06≠0.11

)
SMICA . . . . . . . . ≠0.04(≠0.02+0.05+0.13

≠0.04≠0.07

) ≠0.05(≠0.02+0.05+0.13

≠0.04≠0.07

) ≠0.08(≠0.02+0.05+0.11

≠0.04≠0.07

) ≠0.09(≠0.02+0.05+0.12

≠0.04≠0.07

)

whereas the variation of the T
0

-tension is . 0.2 ‡. The high-
¸ sensitivity of T

2

also requires the use of an accurate noise
model, and it is possible that the 1–2 ‡ tension in T

2

may
be alleviated once improved noise simulations are available.

7.2.2. Oriented polarization stacking

The stacked Q and U images can be decomposed into
Fourier modes, Q + iU =

qŒ
m=≠Œ P

m

(È)eim„. For unori-
ented Q + iU stacking on temperature peaks, only P

2

(È)
has a non-zero NFEA, and it can be linked to the con-
ventional Q

r

stacking via P
2

= ≠Q
r

. Figure 45 shows
that the stacked Q

r

image is in excellent agreement with
its NFEA and the corresponding stacked image (fourth
panel) in Fig. 40, despite the di�erent stacking methodolo-
gies adopted (and component-separation method selected
for visualization purposes). The length and orientation of
the headless vectors represent the polarization amplitude,
P

stack

©


Q2

stack

+ U2

stack

, and direction.
We next consider oriented stacking of the polarization

maps, again using Q
T

, U
T

to define the orientation of the
patches. The stacked polarization images around temper-
ature peaks have m = 0, 2, 4 Fourier components. We can
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Fig. 45. Stacked Q

r

image around temperature hot spots se-
lected above the null threshold (‹ = 0) in the SMICA sky map.
The left panel corresponds to the observed data and the right
panel shows the NFEA. The image units are µK. The head-
less vectors (black solid lines) are the polarization directions for
stacked Q

stack

, U

stack

. The lengths of the headless vectors are
proportional to the polarization amplitude P

stack

.

also choose to stack the polarization maps on P
T

peaks,
where P

T

=


Q2

T

+ U2

T

. This picks up m = 0, 4 Fourier
modes with no circularly symmetric (Q

r

, m = 2) mode. In
Fig. 46 we compare the (Q, U) images stacked centred either
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Planck data Simulation Planck Collaboration: Isotropy and statistics of the CMB

0
5
0

�0.025 0 0.025
$ cos�

�

�0.025 0 0.025
$ cos �

�
0
.0
2
5

0
0
.0
2
5

$
s
i
n

�

0
5
0

�0.025 0 0.025
$ cos�

�

�0.025 0 0.025
$ cos �

�
0
.0
2
5

0
0
.0
2
5

$
s
i
n

�

Fig. 44. Comparison between unoriented stacking (upper pan-
els) and oriented stacking (lower panels) of temperature patches
around temperature hot spots selected above the null threshold
(‹ = 0). The left panels are the stacked SMICA maps, and the
right panels their corresponding NFEAs. The image units are
µK.

rotate each patch so that U
T

vanishes and Q
T

Ø 0 for the
central peak.

Figure 44 presents the stacked images of SMICA temper-
ature patches centred on temperature hot spots selected
above the threshold ‹ = 0, in both unoriented and oriented
forms. These are seen to be in excellent agreement with
their accompanying NFEAs, and, in the case of the unori-
ented stacks, with the results shown in Fig. 40, despite the
di�erent stacking methodologies adopted (and component
separation method selected for visualization purposes).

The oriented T image is notably di�erent from the un-
oriented one. The alignment between the major axis (of
Ò≠2T ) and the horizontal axis results in an ellipse elon-
gated along the horizontal axis, rather than a central disc.
Moreover, the quadratic-term contribution is suppressed
along the horizontal axis where the temperature profile is
smoother, and enhanced along the vertical axis where the
temperature profile is sharper. As a consequence, the dark
ring visible in the upper panel at 1¶ splits into two cold
blobs along the vertical axis.

To proceed with a quantitative analysis, we extract
Fourier modes T

m

(È) from the stacked map T
stack

(È, „)
as follows:

T
m

(È) = 1
(1 + ”

m0

)fi

⁄
2fi

0

T
stack

(È, „) cos m„ d„ , (68)

where ”
m0

is the Kronecker delta function. For odd m, the
NFEA ÈT

m

Í vanishes due to statistical isotropy. For even m,
a straightforward calculation shows that only T

0

(È), which
is equivalent to µ

T

(È), and T
2

(È) have nonzero NFEAs.
As discussed previously in Sect. 7.1, there are some

shortcomings of the standard ‰2 procedure that is generally
used to assess the consistency of the data with simulations.

The problem is simplified by studying the statistics of an
integrated profile deviation:

T
m

(W ) =
⁄

R

0

[T
m

(È) ≠ ÈT
m

(È)Í] W (È) dÈ , (69)

where R, the size of the stacking patches, is taken to be
2¶ in our examples. The purpose of removing the NFEA,
ÈT

m

(È)Í, which di�ers for the data and the simulations,
is to minimize the impact of the cosmology dependence. A
natural choice for the filter is ÈT

m

(È)Í itself with a proper
normalization:

W (È) = ÈT
m

(È)Í
s

R

0

ÈT
m

(È)Í2dÈ
. (70)

For the filter given by Eq. (70), the integrated profile devia-
tion T

m

describes the relative deviation from the NFEA. If
�CDM is the correct model, the deviation is due to cosmic
variance and noise. The distribution of T

m

is obtained from
simulations.

Table 29 presents a comparison of the T
m

values de-
rived from the Planck data and the FFP8 simulations. No
inconsistencies in excess of the 3 ‡ level have been found,
although tensions around 2 ‡ are seen.

The m = 0 projection kernel J
0

[(¸ + 1/2)È] peaks at
low ¸. Thus T

0

is cosmic-variance sensitive and the apparent
discrepancy in it could be related to a low-¸ power deficit.
An example is shown in Fig. 41 for illustration. To test
the robustness of this result, we have tried three additional
filters: a top-hat filter W = 1, a linear filter W = È, and
a Gaussian filter W = exp(≠È2/‡2

g

) with ‡
g

= 1¶. In all
cases, the power deficit remains at about the 2 ‡ level.

Although the T
0

deficit is not significant enough to fal-
sify the �CDM model, further investigation of its proper-
ties may still be interesting and help us understand the
other anomalies discussed in this paper. We consider two
possibilities. Firstly the amplitude of the T

0

deficit is of or-
der 5–10 %, which coincides with the level of hemispherical
power asymmetry discussed in Sect. 6.1. To test whether
the T

0

deficit is localized on one hemisphere, we define the
“north” direction to be aligned with the power asymmetry
direction at (l, b) = (212¶, ≠13¶) (Akrami et al. 2014) and
compute T

0

on the northern and southern hemispheres sep-
arately. The results are presented in Table 30. Although the
T

0

deficit is more significant for the southern hemisphere, it
remains consistent with the �CDM prediction. Secondly, it
is of interest to determine whether the T

0

deficit is related
to the Cold Spot discussed in Sect. 5.7. We therefore mask
out the Cold Spot using a disc of radius 6¶ and repeat the
calculation. The impact of this region on the T

0

deficit is
insignificant.

Tensions at the 2 ‡ level are also seen for T
2

. However,
due to the additional ¸2 factor in the projection kernel, the
oriented (m = 2) component T

2

is more sensitive to high-¸
power where the cosmic variance is small, and an under-
standing of the noise properties of the data is more im-
portant. The former implies that the related uncertainty in
T

2

is, in general, smaller than that in T
0

. However, a mis-
matched cosmology, perhaps arising from a di�erent pri-
mordial power amplitude A

s

, can then lead to significant
tension between the data and the simulations. Indeed, we
find that without application of our cosmology calibration
(i.e., the subtraction of the NFEA in Eq. 69) the T

2

-tension
between the data and simulations increases by about 0.5 ‡,
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Qr 

Stacking of polarization patches 
at temperature peak positions  
(T>0) 

Signature of the scalar mode 
fluctuations in polarization, E-
mode 

Planck Col. XVI 2016 



Planck frequency maps: intensity  



Diffuse components: intensity  



CMB temperature reconstruction with four methods  
Planck	Col.	X	2016	



The sky seen by Planck: Intensity 

Maps derived from the joint analysis of Planck, WMAP and 408MHz observations 
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Positions of detected point 
sources (30,143 and 857 GHz) Spinning dust Thermal dust 
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Planck Col. IX & X 2016 



Planck frequency maps: polarization 



Planck frequency maps: polarization 



Diffuse components: polarization  



The CMB polarization reconstruction 
Planck Collaboration: Di↵use component separation: CMB maps

Commander NILC

SEVEM SMICA

�15 15µK

Fig. 6. Component-separated CMB Q maps at resolution FWHM 100, Nside = 1024.

Commander NILC

SEVEM SMICA

Fig. 7. Component-separated CMB U maps at resolution FWHM 100, Nside = 1024.

10

Planck Collaboration: Di↵use component separation: CMB maps

Commander NILC

SEVEM SMICA

Fig. 6. Component-separated CMB Q maps at resolution FWHM 100, Nside = 1024.

Commander NILC

SEVEM SMICA

Fig. 7. Component-separated CMB U maps at resolution FWHM 100, Nside = 1024.
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Q	

U	

FWHM 10’ 

Due	 to	 the	 presence	 of	
systema3cs	 a	 high-pass	
filtered	 has	 been	 applied	 to	
remove	mul3poles	l	<	40.	
	
The	 situa3on	 is	 expected	 to	
improve	 for	 the	 Planck	
Legacy	 papers	 (second	 half	
of	2017).	



The sky seen by Planck: polarization  

Synchrotron polarization amplitude 
map P (P2=Q2+U2) 

Dust polarization amplitude map P 
(P2=Q2+U2) 

CMB intensity overlaid with polarization 
direction (5 degrees resolution) 
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Excellent agreement with the standard spatially-flat six-parameter ∧CDM model! 

Planck C
ollaboration X

III 2016 

CMB power spectrum: temperature  



Planck Collaboration XIII 2016 

CMB power spectrum: polarization  

•  Red line: best fit model from TT+lowP 
•  HFI systematics in polarization not well understood at low multipoles, < 30 
•  Constraints using polarization should be taken with caution 



Base ∧CDM 6 parameters (Planck alone) 

•  Planck data are extremely well described by the standard spatially-flat ∧CDM model 
•  The angular scale of the sound horizon at recombination is the best determined parameter (0.05%) 
•  Scale invariant is ruled out at high significance (6σ) and the result is robust to changes in the 

model (e.g. running spectral index, tensor fluctuations) 
•  A significantly lower value of τ is found: reionization is pushed to later times. 
•  Tension with some astrophysical measurements: 

•  A low value of the Hubble constant 
•  A high value of the matter density fluctuations  parameter 

Planck Collaboration XIII 2016 



Other extensions to the base ∧CDM model 

•  No evidence for tensor modes 
•  r < 0.11 (95%) Planck TT + lowP + lensing + ext 

•  No evidence of running of the spectral index of primordial fluctuations 
•  Isocurvature modes strongly constrained 

•  Less than ~3% of the adiabatic modes 
•  Dark energy 

•  Consistent with a cosmological constant (w=p/r=-1) 
•  No evidence of modified gravity 
•  No detection of topological defects 
 
None of the considered extensions can alleviate the tensions found with certain 
astrophysical data. 
 
The 6-parameter ∧CDM model provides an excellent match to the Planck data 



Present observational limits on r 
Planck Collaboration XIII 2016 based on an analysis of the 
data TT+lowP+lensing+ext constrained r0.002 < 0.11 (r0.05 < 
0.12).  
 
The best constraint based on B-modes has been imposed by the 
BICEP2/Keck col. 2016 PRL (including the Keck 95 GHz 
data) r0.05 < 0.09. 
 
Combining the previous BICEP2/Keck B-modes data with the 
Planck TT+lowP+lensing+ext data provides the strongest 
constraint r0.05<0.07. 



Inflation and Planck 

And a gravitational wave background with undetermined amplitude…                         



Constraints on inflationary models 

Planck Col. XX 2016 

Planck Collaboration: Cosmological parameters

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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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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R2 inflation (Starobinsky 1980) has the strongest evidence.  
Monomial potentials with n>2 are strongly disfavored.  

Keck+BICEP2 collaborations 2016 PRL  

r0.05 < 0.07  Planck TT+lowP +lensing+ext +BK14 



CMB B-modes experiments 
Name Platform Area 

(deg2) 
FWHM Freq (GHz) Detectors rlim Start 

BICEP/KECK Ground 800 ~1º 100,150,220 Bolom 0.01 ✓ 

QUIJOTE Ground 5000  ~1º 10-50 HEMTs 0.05 ✓ 

PolarBear Ground 1200 3’-7’ 90,150,220 Bolom 0.01 ✓ 

QUBIC Ground 800 ~0.5º 90,150,220 Bol/inter 0.01 

AdvACTpol Ground 4000 ~1’ 28,41,95,150,230 Bolom 0.03 

SPT-3G Ground 500 1’-1.6’ 100,150,220 Bolom 0.03 

CLASS Ground 70% sky ~0.5º 40,90,150,220 Bolom 0.01 

Simons Array Ground 70% sky 3’.5 90,150,220 Bolom 0.01 

S4 Ground Full sky 1’ 30-300 Bolom 0.001 

PIPER Balloon 80% sky 0º.6 200,270,350,800 Bolom 0.007 

EBEX Balloon 350 8’ 150,250,350,450 Bolom 0.03 

SPIDER Balloon 24000 17’-50’ 90,145,280 Bolom 0.03 ✓ 

LSPE Balloon 30’ 40-250 Bolom/HEMT 0.03 

Planck Satellite Full sky 5’-33’ 30-353 Bolom/HEMT 0.05 ✓ 

LiteBIRD Satellite Full sky 30’ 40-400 Bolom 0.001 >2025 

PIXIE Satellite Full sky 1º.6 30-6000 Bolom 0.001 ? 

CORE Satellite Full sky 5’ 60’-600’ KIDs 0.001 ? 



The quest for the primordial GWB: BICEP2 B-mode results 

Lensing 

BICEP2 (March 2014) 
It observes a region of the sky of 380 
squared degrees @ 150 GHz with high-
sensitivity 
r=0.20+0.07

-0.05 (68% CL) 
 
Constraint from Planck 2013 + other CMB 
experiments (flat LCDM) 
r < 0.11 (95% CL) 
 
¿Was the B-mode really detected? 
•  Galactic contamination? 
- Only one frequency available 
- Large uncertainty in level of foreground 
contamination 
 
•  Extensions of LCDM? 
r<0.26 (95% CL) Planck 
 

Gravitational 
waves 

BICEP2 Collaboration 2014, PRL 



Dust polarization from Planck 

•  Using Planck multifrequency observations, it is found that the dust polarised 
emission follows a modified blackbody spectrum with Td=19.6 and bd=1.59 

•  The Planck 353 GHz channel is dominated by dust, extrapolating to BICEP2 
frequency à find a contribution from dust similar to the BICEP2 signal 

•  However, uncertainties are large à needs joint Planck+BICEP2 analysis 

Planck prediction of dust contribution at 150 GHz in a region similar to BICEP2 

Planck	coll.	Int.	XXX	2016,	A&A		



BICEP2/Keck Array/Planck combined analysis 

150x150 150x353 353x353 

Significant cross-
correlation detected 

No GWB detection !! 
      r0.05<0.12 (95 %)  
BICEP2 signal was significantly 
contaminated by dust 

Clean 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
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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.
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Including all BICEP2/Keck data (adding the Keck 95 GHz data) 
and Planck, r0.05<0.07 (95 %) (Keck+BICEP2 coll. 2016 PRL) 

(BICEP2/Keck	&	Planck	coll.	2015	PRL)	
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SCIENCE CASE 

•  Primordial GWs: 
     Energies 1012xLHC 

Inflation 

CORE_inflation_1612.08270.pdf 

Sensi3vity	in	r	≈	0.001	
	
Both	Starobinsky	and	Higgs	
Infla3on	models	can	be	probed.	



SCIENCE CASE 

•  Primordial non-Gaussianity: 

Inflation 

implications for fundamental physics. Table 1 shows howCORE will provide substantial improvements over
the current limits in these cases.

Parameter Current results CORE expected uncertainties
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Table 1: Current limits andCORE uncertainty forecasts. The 3-point function measurements of non-Gaussianity will shrink
the allowed volume in local-equilateral-orthogonal f

NL

-parameter space by a factor of approximately 20.

1.2 Mapping dark matter structures

Gravitational lensing subtly distorts the temperature and polarization anisotropies of the CMB, imprinting
information about the geometry of our Universe and the late-time clustering of matter. This information
is otherwise degenerate in the primary CMB fluctuations generated at the time of recombination [32]. The
lensing deflections can be reconstructed using sensitive, high-resolution observations, such as those from
CORE , and such a reconstruction provides a large-scale, nearly full-sky map of the integrated mass in
the entire visible Universe. The power spectrum of this map constrains, using the CMB alone, important
parameters such as the (summed) mass of neutrinos and the spatial curvature. It also contains information
on possible deviations from standard cosmology (modified gravity models, dark energy models, interacting
dark matter, or any ingredient a↵ecting the growth of structures in the recent universe). Moreover the lensing
map has great legacy value for cross-correlation with other tracers of large-scale structure, both to calibrate
the astrophysical and instrumental bias relations between the tracers and the underlying density field for
cosmological analyses, and to probe the astrophysics of galaxies and clusters at high redshift. Furthermore,
the reconstructed lensing map can be used to “delens” the polarization maps observed byCORE , providing
critical improvements in our ability to detect primordial B-mode polarization.

Figure 2: Reconstruction noise of the
lensing deflection power spectrum from
Planck 2015 (left) and as forecast for a
wide-area Stage-3 CMB survey (middle;
with specifications similar to AdvACT,
i.e., polarization sensitivity 11.3 µK arcmin
and resolution 1.4 arcmin) and CORE .
The deflection power spectrum is plotted
based on the linear matter power spectrum
(black solid) and with non-linear correc-
tions (black dashed).

CMB lensing is a rapidly advancing frontier of observational cosmology. The Planck 2015 results [33] pro-
vide the highest S/N detection of CMB lensing to date (around 40 �). Lensing reconstruction is statistical,
with the cosmic variance of the primary anisotropies and instrument noise giving rise to a statistical noise in
the reconstruction. At the noise levels of Planck (around 50 µK arcmin), the S/N is dominated by the tem-
perature anisotropies. With only temperature anisotropies, however, the lensing S/N can never exceed unity
for multipoles ` > 200. The way to improve lensing reconstructions significantly is to use high-sensitivity
polarization observations [34]. Such polarization-based reconstructions have been demonstrated recently
from ground-based experiments [35, 36, 37], and also Planck, but are currently very noisy. Future, funded
wide-area CMB surveys (see S3-wide in Fig. 2) also do not have the sensitivity to exploit polarization-based
lensing fully. This situation will be completely transformed withCORE , which will reconstruct lensing with
S/N > 1 per mode up to multipoles ` ⇡ 500 (Fig. 2) over nearly the full sky, giving around 1.6⇥105 e↵ective
modes (four times more than S3-wide). Significantly,CORE can extract essentially all the information in the
lensing deflection power spectrum on scales where linear theory is reliable. Moreover, lens reconstructions
based on polarization are expected to be cleaner than those from temperature since the former are much

6



SCIENCE CASE 

•  Gravitational lensing: 
  Neutrino mass Σmν < 44meV 
  Detection at > 2σ with CORE+BAO       

•  Dark energy: 
  FoM(w0,wa) for CORE+Euclid  ~ 10 x only Euclid 
  A robust result based on only linear scales from Euclid 

  
•  Delensing primordial B-mode polarization: 

  Lensing convers E-mode into B-mode              5 µKarcmin noise 
       Removal of 60% lensing B-mode power 
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the current limits in these cases.
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parameters such as the (summed) mass of neutrinos and the spatial curvature. It also contains information
on possible deviations from standard cosmology (modified gravity models, dark energy models, interacting
dark matter, or any ingredient a↵ecting the growth of structures in the recent universe). Moreover the lensing
map has great legacy value for cross-correlation with other tracers of large-scale structure, both to calibrate
the astrophysical and instrumental bias relations between the tracers and the underlying density field for
cosmological analyses, and to probe the astrophysics of galaxies and clusters at high redshift. Furthermore,
the reconstructed lensing map can be used to “delens” the polarization maps observed byCORE , providing
critical improvements in our ability to detect primordial B-mode polarization.
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wide-area Stage-3 CMB survey (middle;
with specifications similar to AdvACT,
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CMB lensing is a rapidly advancing frontier of observational cosmology. The Planck 2015 results [33] pro-
vide the highest S/N detection of CMB lensing to date (around 40 �). Lensing reconstruction is statistical,
with the cosmic variance of the primary anisotropies and instrument noise giving rise to a statistical noise in
the reconstruction. At the noise levels of Planck (around 50 µK arcmin), the S/N is dominated by the tem-
perature anisotropies. With only temperature anisotropies, however, the lensing S/N can never exceed unity
for multipoles ` > 200. The way to improve lensing reconstructions significantly is to use high-sensitivity
polarization observations [34]. Such polarization-based reconstructions have been demonstrated recently
from ground-based experiments [35, 36, 37], and also Planck, but are currently very noisy. Future, funded
wide-area CMB surveys (see S3-wide in Fig. 2) also do not have the sensitivity to exploit polarization-based
lensing fully. This situation will be completely transformed withCORE , which will reconstruct lensing with
S/N > 1 per mode up to multipoles ` ⇡ 500 (Fig. 2) over nearly the full sky, giving around 1.6⇥105 e↵ective
modes (four times more than S3-wide). Significantly,CORE can extract essentially all the information in the
lensing deflection power spectrum on scales where linear theory is reliable. Moreover, lens reconstructions
based on polarization are expected to be cleaner than those from temperature since the former are much
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SCIENCE CASE 
The cosmological scenario 

Parameter Description Current results (Planck 2015+Lensing) CORE expected uncertainties
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m⌫ < 0.315 eV (68 % CL) [30] �(
P

m⌫) = 0.043 eV {7.3}
(me↵

s , Ns) Sterile neutrino parameters (me↵
s < 0.33 eV, Ns < 3.24) (68 % CL) [30] �(me↵

s , Ns) = (0.037 eV,0.053) {8.9, 4.5}
YP Primordial helium abundance YP = 0.247 ± 0.014 (68 % CL) [30] �(YP) = 0.0029 {4.8}
YP Primordial helium (free Ne↵) YP = 0.259+0.020

�0.017 (68 % CL) [30] �(YP) = 0.0056 {3.2}
w Dark energy equation of state w = �1.42+0.25

�0.47 (68 % CL) [30] �(w) = 0.12 {3}
T0 CMB temperature Unconstrained [30] �(T0) = 0.018K
pann Dark matter annihilation pann < 3.4 ⇥ 10�28 cm3 GeV�1 s�1 (68 % CL) [30] �(pann) = 5.3⇥ 10�29 cm3 GeV�1 s�1 {6.4}
↵/↵0 Fine-structure constant ↵/↵0 = 0.9990 ± 0.0034 (68 % CL) �(↵/↵0) = 0.0007 {4.8}
⌃0 � 1 Modified gravity ⌃0 � 1 = 0.10 ± 0.11 (68 % CL) [48] �(⌃0 � 1) = 0.044 {2.5}
A2s1s/8.2206 Recombination 2-photon rate A2s1s/8.2206 = 0.94 ± 0.07 (68 % CL) [30] �(A2s1s/8.2206) = 0.015 {4.7}
�(zreion) Reionization duration �(zreion) < 2.26 (68 % CL) [49] �(�zreion) = 0.58 {3.9}

Table 3: Current limits from Planck15 and forecast CORE uncertainties taken from Ref. [46]. The first six rows
assume a ⇤CDM scenario while the following rows give the constraints on single-parameter extensions. In the fourth
column, numbers in curly braces give the improvement in the parameter constraint when moving from Planck15 to
CORE , defined as the ratio of the uncertainties �Planck/�CORE .

1.4 Synergy science

The necessity to observe the microwave sky at multiple frequencies for CMB polarization science means that
theCORE data will enable a rich programme of ancillary science. Although this science does not drive the
design of the mission, we expect breakthroughs in a number of areas.

1.4.1 Clusters and hot gas

Inverse Compton scattering of CMB photons o↵ hot thermal electrons introduced apparent changes in the
temperature of the CMB as a function of frequency. We observe a temperature decrement for frequencies
⌫ < 217 GHz, an increment for ⌫ > 217 GHz, and a null at 217 GHz. The amplitude of the temperature
change is proportional to the electron gas pressure integrated along the line of sight. The unique frequency
dependence of this e↵ect, known as the thermal Sunyaev-Zel’dovich (tSZ) e↵ect, allows us to measure the
pressure of hot electrons in the Universe from the microwave maps [50]. CORE will use the tSZ e↵ect to
detect the most massive clusters in the Universe out to redshift z = 2, thanks to its all-sky coverage. These
clusters will form a unique catalogue for studying cluster physics and investigate new cosmological models, in
excellent synergy with the upcoming space missions eROSITA andEuclid . Planck detected many previously
unknown galaxy clusters, and a typical mass for these systems is 4.7 ⇥ 1014 M�. The improved sensitivity
ofCORE will enable tSZ detections of clusters with masses larger than (1–2) ⇥ 1014 M� (see Fig. 4).

Being massive, galaxy clusters are rare, with the number density falling exponentially with increasing
mass. This exponential function is very sensitive to �8, the amplitude of density fluctuations smoothed over
8h�1 Mpc scales. The amplitude of fluctuations as a function of redshift is a sensitive probe of cosmological
parameters such as the absolute mass of neutrinos and the dark energy equation of state. In particular,CORE
will provide competitive errors on the dark energy equation of state, parametrised in terms of the scale factor
a as w(a) = w0 + wa(1 � a). We find �w

0

= 0.037 and �wa = 0.11 (dark energy figure of merit 663.8) using
cluster counts alone, and �w

0

= 0.029 and �wa = 0.080 (dark energy figure of merit 921.0) when combined
with CORE primary CMB [51]. The Planck15 data yield 1 653 galaxy clusters over the full sky, detected
via the tSZ e↵ect. CORE will increase this number to 5 ⇥ 104. Although statistical error is important,
even more important is the systematic uncertainty in converting the measured tSZ cluster fluxes to cluster
masses. This mass calibration is the limiting factor for precision cosmology using galaxy clusters. CORE
will provide a new alternative mass calibration by measuring the lensing of CMB due to galaxy clusters.
Specifically, we measure the average mass of an ensemble of clusters with similar masses, by stacking the
CMB lensing at the locations of galaxy clusters with similar tSZ fluxes and redshifts. The first detections of
the CMB lensing has been made recently by the ACT, SPT, andPlanck collaborations [52, 53, 54]. CORE
will apply this new technique to a large number of galaxy clusters detected by itself, calibrating their masses
accurately and so eliminating the most important systematic uncertainty in cluster cosmology. Figure 4
shows the relative error on cluster mass as a function of redshift that can be attained by stacking clusters
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WHY SPACE? 
(b) Methodology

Requirements:

As with all purely scientific experiments, there
will always be trade-offs to be made between
science and cost. For E4, one of the biggest
questions concerns telescope size. Generally, the
larger the telescope, the more science which can
be done. Unfortunately, the larger the telescope,
the larger the cost as well. Thus, one of the more
important tasks for work-package 2 will be to
understand the science we get for a given sized
telescope (and thus, the science we get for a given
cost).

Another important requirement to define, before
other technology decisions can be taken, is the
wavelength range the observations will cover.
This is essentially limited by our atmosphere.
Illustration 4 shows the expected signal-to-noise
for CMB measurements (assuming ΔT/T=10-6)
from the ground, assuming noise from 0.5 and 2
mm precipitable water vapour. This indicates that
observation bands near 100 and 150 GHz. As noted above, however, we must also consider observations of
foregrounds in general, and Galactic dust and synchrotron emission in particular, to be able to extract the faint
CMB signals we search. Thus, Illustration 5 shows a similar plot with the signal-to-noise on Galactic dust, and
Illustration 6 does the same for Galactic synchrotron emission. Taken together, these Illustrations show that higher-
and lower-frequency channels may not be as useful per-se as those at 100 and 150 GHz for measuring the CMB,
but that they may still be important for characterizing and removing the foregrounds. The primary question to be
answered is the definition the highest and lowest frequency bands to be used in the E4 instruments, taking into
account not only the atmosphere, but also the instrumental noise, angular resolutions and our ability to disentangle
the primordial CMB component from the foregrounds. 

On the low frequency side, we will have to
decide which is the minimum frequency
channel required to be able to remove the
contamination from foreground synchrotron,
free-free and spinning dust at the required
accuracy level. 

Existing results in the literature (e.g. Errard et
al. 2015; Remazeilles et al. 2016; Genova-
Santos et al. 2017) show that frequency bands
as low as 10 GHz will be needed to properly
separate the synchrotron from the other radio-
foreground components, and to provide a
highly accurate template for the amplitude of
this emission (Illustration 6). 

Within E4 we will study if we can rely on
existing (or planned) low frequency surveys
as C-BASS or QUIJOTE (see also the data
products of the RADIOFOREGROUNDS
H2020 project), or if a specifically dedicated
and more sensitive instrument is needed at

these frequencies.

Illustration 4: Signal-to-Noise on the CMB. Note that to

convert from inverse-cm to Hz, multiply by the speed of

light in cm/s. That is, 5/cm is 150 GHz.

Illustration 5: Signal-to-Noise on Galactic dust. Note that to 

convert from inverse cm to Hz, multiply by the speed of light in

cm/s. That is, 10/cm is 300 GHz.

30 90 150 220 

Frequency [GHz] 

310 

Atmospheric windows for 0.5 and 2 mm precipitable water vapor 
From

 Paolo de B
ernardis 



Unique observing environment 
	

-  All frequencies accessible (astrophysical foregrounds)  
-  Full sky coverage (large scales + cosmic variance) 
-  A clean and stable environment (systematics) 
-  Low background (better sensitivity per detector compared to ground) 
-  Nearly 100% observing efficiency  
-  Distant points in the sky can be observed in short timescales 
	

Extracting all available information from the CMB 
requires a space mission. 	

WHY SPACE? 



There is no specific theoretical expectation for B-modes: 
Finding the best strategy is complicated   
 
Then, the requirements for the ultimate B-mode 
polarisation mission must be set by the lensing B-modes: 
-  Map the dark matter distribution in the Universe 
-  De-lens B-modes for inflationary science  

Extracting the maximum information from the CMB 
(primary and secondary anisotropies) requires a 
comprehensive space mission 
	

What space mission? 



•  2 µK arcmin sensitivity 
 - Allowing signal-dominated lensing maps and σ(r)=0.001 

 
•  19 frequency channels  

 - 6 for low-frequency foregrounds (synchrotron), below 115 GHz 
 - 6 for the CMB, between 130 and 220 GHz 
 - 7 for high-frequency foregrounds (dust), above 250 GHz 

 
•  2 - 20 arcminute resolution 

 - 5-10' in CMB channels (10' versus 30' at 100 GHz for LiteBIRD) 
  

•  Control of systematics 
 - Very stable observing conditions 
 - Polarisation modulation by the scan strategy 

CORE in a nutshell 



CORE 
noise 

1%	

Remove >99% of the  
foreground contamination 

30%	

Remove >2/3 of the  
lensing contamination 

Characterize residuals !! (??) 

Space or ground ?

From Jacques Delabrouille 



Kendrick Smith et al, JCAP, Issue 06, id. 014 (2012) 

Depends on sensitivity and resolution (no theoretical limit)  

An alternative is to use e.g. the CIB as a tracer of mass 
(Sherwin & Schmittfull 2015) 

2	

Delensing problem 



Forecast on r under “realistic” conditions  
CORE col. 2017 Component Separation 

•  Realistic simulations based on the PSM are used, 
including:  

•  Galactic synchrotron and thermal dust with 
variable spectral indices over the sky 

•  Polarized anomalous microwave emission (AME) 
•  Polarized IR and radio sources 
•  Gravitational lensing effects 

•  Present methods of component separation are able 
to accurately detect values of r ≥ 5×10-3. 

•  Achieving values of r ≈ 10-3 (even assuming 60% 
delensing) is limited by foreground uncertainties 
specially at the reionization bump. 

•  Sources of potential bias for the detection of the 
primordial B-modes: 

•  Incorrect foreground models 
•  Averaging of spectral indices by pixelization  



CORE channels 
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•  Only (primary) CMB temperature anisotropies have been 
measured so far with high S/N. 

•  E-modes well detected at a statistical level (spectrum) but the 
best full-sky map still has S/N ≈ 1 per pixel (on all scales larger 
than about 15') 

•  B-modes (lensing) just barely detected statistically. Their precise 
mapping is the key to both inflationary tensor modes, and to 
precise direct observation of (dark) matter structures in the 
Hubble volume. 

•  CMB science is well understood and there is the necessary 
expertise to run ground/balloon/space-borne experiments to	
measure	the	B-modes.	

•  A	space	mission	is	needed	to	extract	the	maximum	informa3on	
from	the	CMB.	

Summary


