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Scientific goals 

Primordial CMB 

Initial conditions: 
 

-   Did Inflation take place? 
-   Constraints on Inflationary models. 

Measurements of cosmological  
Parameters in ΛCDM, e.g. : 
 

-  Initial conditions: ns, r, nt … 
-  Geometry: Ωk, T* 
-  Evolution: Ωb,Ωc,ΩΛ	


Tests of our cosmological paradigm: 
 

-   Isotropy 
-   Gaussianity 

New Physics: 
 

-  Parity breaking 
-  Primordial magnetic fields 
-  Topology… 
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•  Direction-dependent temperature fluctuations w.r.t. to T=2.725 K blackbody 
 

•  Polarization fluctuations generated by Compton scattering at recombination 
 

ü  Polarization is a spin-2 field. Can be decomposed in “gradient-curl”.  
          Gradient part (E-mode) is generated by scalar perturbation. Primordial  
          curl (B-mode) is a smoking-gun signature of primordial 
          Gravitational Waves (GW), i.e. Inflation. 
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Figure 1.8: Polarization fields composed of pure E-modes and pure B-modes.

from Equations 1.82 and 1.83 that:

⇧E = E (1.84)

⇧B = �B. (1.85)

We arrived at the desired result: the two linear combinations of the derivatives of Q and U that

we have formed obey the parity relations we require. We also note that the analog of Helmholtz

decomposition holds here: any polarization field can be separated into its E and B constituents,

and these components are orthogonal.

To conclude this discussion, we consider a concrete example:

P1(x, y) = ↵(x2 � y2) + i�xy (1.86)

P2(x, y) = ↵(xy) + i�(x2 � y2). (1.87)

These two polarization fields P1(x, y) and P2(x, y) are plotted in Figures 1.8a and 1.8b, respectively.

From Figure 1.8b, we can immediately see that P1(x, y) is parity even, while P2(x, y) is parity odd.

Correspondingly, if we calculate the quantities in Equations 1.82 and 1.83 we find:

P
E1(x, y) = �4↵ � 2i�; P

B1(x, y) = 0; (1.88)

P
E2(x, y) = 0; P

B2(x, y) = 4i� � 2↵. (1.89)

As expected, the B component of P1 is zero while the B component of P2 is non-zero.

The derivatives corresponding to the raising and lowering operators are more easily handled in
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•  Small deviations from perfect blackbody, in the frequency domain.  
    Spectral distortions generate a very promising, yet nearly  
    completely unexploited observational window! 

Observables 



Current status 
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•  Temperature: as long as primordial fluctuations are concerned, Planck  
    has essentially fully and optimally extracted all information. 
 
•  Primordial E-mode: not optimal yet, error budget dominated by  
    instrumental noise. Important gains are possible in the future. 
 
•  Primordial B-mode: undetected, best upper limits from  
    Planck+BICEP2/Keck Arr.  
    Primary goal for future CMB experiments. 
 
•  Spectral distortions: yet undetected. They are expected in  
    standard Cosmology, from a variety of mechanisms. 
 
 
 
 
 



Testing Inflation: power spectra. 
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•  The primordial curvature perturbation from inflation is described by a  
    nearly Gaussian random field with nearly scale invariant spectrum 
 
 
 
 
•  Inflation also predicts a background of GW with spectrum 
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•  We can constrain slow-roll inflationary models through measurements 
    of ns and r (from CMB power spectra).  

•  Detecting r>0, via B-mode detection would be a smoking-gun  
    confirmation of Inflation 

Parametrizes strength 
of primordial GW signal 

Spectral index, ns. Describes  
slope. Defines deviation from  
perfect scale invariance 



The Inflation smoking-gun: B-modes 
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•  The search for B-modes will be the main target for most future  
    CMB surveys. 
 
•  Current constraints r < 0.07, (95% C.L.), Planck + BICEP2 + Keck Array. 
 
•  From the ground, claim: Δr ~ 0.01 maybe achievable.  
    No self consistent result at present! 
 
•  Main obstacles: astrophysical foreground, B-mode lensing signal. 
 

•  Best remedies: full-sky, wide multi-frequency coverage => SPACE 
 
•  Next generation of space missions aiming for Δr ~ 0.001 
 
•  Energy scale tested is ~12 order of magnitude, or more,  
    larger than what probed in particle accelerators! 
 
•  Lyth bound                            implies trans-Planckian excursion for  
    r > 2 x 10-3 

     
 

First of all, it approximately corresponds to the value predicted by potentials that approach asymp-
totically a constant as exp (��/MP) (Starobinsky model [6], Higgs-inflation [7], etc.). A similar
number is obtained by looking at the Lyth bound [8]. The excursion of the inflaton during inflation
is given by

��

MP
=

Z
dN

r
r

8
. (1)

If one assumes that r monotonically increases going towards the end of inflation, one can conserva-
tively replace r(N) with the one on cosmological scales. The threshold �� = MP then corresponds
to r = 8N�2 ' 2 ⇥ 10�3. A detection of gravitational waves above this level would convincingly
indicate a trans-Planckian displacement, under the mild assumption that ✏ increases as one moves
towards the end of inflation. Another way to argue for the same threshold for r is to study the
consequences of imposing that the scalar tilt is of order 1/N : ns � 1 = �↵/N [9–11]. If this ap-
proximate equality is not an accident, but holds in a parametric window around N = 60, one can
argue for the existence of a forbidden region in r between 10�1 and 10�3. This second number
actually depends exponentially on the precise value of the scalar tilt, but 2⇥10�3 corresponds to a
reasonable lower bound within the present uncertainties on ns [9]. All these theoretical prejudices
should be taken with care, but motivate 2⇥ 10�3 as a relevant figure of merit. Therefore, we will
look ahead to check which experiments will be able to get to this value of r.

The outline is rather simple: in Section 2 we explain the method used throughout this paper,
while in Section 3 we show the result obtained for various experiments. In Section 4 we consider
more conservative analyses, focussing on possible evidences that the signal is indeed due to tensor
modes. A similar study was done in Ref. [12] concentrating on the superhorizon B-modes using
[13].

2 Forecasting Method

2.1 CMB and Noise

In linear perturbation theory, the coe�cients a`m of the T -, E- and B-modes of the CMB are
Gaussian random variables with zero mean and variance

haX`ma

Y ⇤
`0m0i = C

XY
` �``0�mm0

,

(2)

where X,Y = T,E,B. From these, as customary, one defines the “curly” correlators as CXY
` ⌘

`(` + 1)CXY
` /(2⇡). Due to parity invariance, only the TT , EE, TE and BB power spectra are

necessary to characterize the CMB, the others being zero. In our analysis we consider the B-mode
power spectrum only, so we drop the superscript BB where possible. This is generated by CAMB
[14] and, since we are solely interested in the forecast for the tensor-to-scalar ratio r, we set all
cosmological parameters, except r and the optical depth ⌧ , to the current best fit values of Planck
[15]. Although this may look like a rough approximation, r is expected to be only mildly degenerate
with the other parameters, the biggest degeneracy being the one with ⌧ at low multipoles. We
are going to marginalize over ⌧ using a gaussian prior given by Planck analysis [15]. This is a
conservative approach for satellites since they will have additional information on reionization. On
the other hand, since large scale polarization measurements are a↵ected by systematics, it is not
clear how much they will improve the constraints on ⌧ .

2
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Figure 2: Constraints on inflation from COrE. For a broad range of inflationary models COrE can be
expected to detect primordial gravitational waves from inflation. The large contours on the left panel show
the present constraints from WMAP7 in the r�ns plane. A few parameterized families of inflationary models
give an idea of representative model predictions. The small contours illustrate what a COrE detection would
look like if r = 0.005. The part of parameter space still allowed at 2� in the case of a non-detection is shown in
grey. The right panel shows the ‘main sequence’ of inflationary models generated using a model-independent
approach. A Melchiorri & L Pagano, H Peiris & L Verde

equally between these two windows and the double measurement will allow the tensor spectral index nT to
be determining thus providing an important cross-check.

1.2 Probing primodrial non-Gaussianity

It has often been said that “Gaussianity,” along with spatial flatness and an approximately scale invariant
spectrum of adiabatic cosmological perturbations, is one of the inexorable consequences, or tests, of inflation.
Indeed it is remarkable that given the precise measures of the CMB that exist today, the primordial signal
turns out to be very nearly Gaussian, although the WMAP data does suggest some hints of non-Gaussianity
at low statistical significance. Following a series of seminal papers where the bispectral non-Gaussianity
was calculated for the first time in 2003, it was realized that large classes of models predicting measurable
non-Gaussianity exist and much of the current research in theoretical cosmology has shifted toward exploring
what patterns of non-Gaussianity are possible. These possibilities are closely linked to new physics near the
Planck scale and modifications of gravity.

COrE will improve non-Gaussianity constraints and will have a non-Gaussianity discovery potential
(defined more quantitatively below) a factor of ⇠ 20 better than Planck , approaching the capabilities of an
ideal probe. COrE ’s competitive strength will be a vastly enhanced exploration of physically predicted NG
shapes compared to any other projected probe of NG.

Constraining primordial non-Gaussianity stringently, into the interesting ranges, requires high resolution
and full-sky coverage. For non-Gaussianity it is roughly the number of resolution elements that determines
the sensitivity. For ‘local’ non-Gaussianity full-sky coverage is essential because most of the statistical weight
derives from the coupling of the largest-scale modes to the modes at the limit of the resolution of the survey.
Polarization is able to probe to smaller scales because the ratio of the contaminant signal to the primordial
signal at large-` is larger for the polarization than for the temperature. Systematics control, the environment
at L2 and full sky-coverage make COrE the ideal CMB NG probe.

Measuring the shape of non-Gaussianity. An important advantage of COrE (compared to non-CMB
probes of NG) consists in the ability to recognize a wide range of shapes of possible non-Gaussianity. Fig. 3
show the di↵erent bispectral shapes predicted by di↵erent theories. In this way COrE will directly probe and
if present recognize the action of multiple fields when the seeds of cosmic structure were produced (“local”
NG); non-canonical kinetic energy (“equilateral” NG); remnants of a pre-inflationary phase (“flattened NG”);
cosmic (super-)strings; a contracting phase with a subsequent bounce, etc. Furthermore, these signatures
can be separated robustly from late time astrophysical NG from lensing, foregrounds, and spurious NG, e.g.
from residual instrumental systematics. A detection of any such primordial signal would rule out standard
slow-roll models of single-field inflation. A detection of “local” NG would be inconsistent with any single-field
inflationary model.

Guaranteed CMB NG as probe of dark energy: Beyond searches for primordial NG, COrE will detect
late-Universe NG imprinted on the CMB maps by the lensing/ISW correlation. This signal can be exploited
to yield the strongest dark energy constraints from the CMB alone. There would also be ancillary signatures,
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Figure 1: Inflationary prediction for the CMB temperature and polarization anisotropies for the
scalar and tensor modes. The horizontal axis indicates the multipole number ` and the vertical axis indicates
`(` + 1)CAB

` /(2⇡) in units of (µK)2, which is roughly equivalent to the derivative of the power spectrum with respect
to ln `. The green curves indicate the TT, TE, and EE power spectra (from top to bottom) generated by the scalar
mode assuming the parameters from the best-fit model from WMAP seven-year data (H0 = 71.4 km s�1 Mpc�1,
⌦b = 0.045, ⌦cdm = 0.220, ⌦⇤ = 0.73, ⌧ = 0.086, and ns = 0.969). The BB scalar component (indicated by the heavy
red curve) results from the gravitational lensing of the EE polarized CMB anisotropy at the last scattering surface
z ⇡ 1100 by structures situated mainly around redshift z ⇡ 2. The top three blue curves (from top to bottom on the
left) indicate the TT, TE, BB, and EE spectra resulting from the tensor mode assuming a scale-invariant (nT = 0)
primordial spectrum and a tensor-to-scalar ratio (T/S) of 0.1, and the solid black curves indicate the BB spectra for
the descending values of (T/S) = r = 0.1, 0.01, 0.001 and 0.0001. For the TE cross-correlations we have plotted the log
of the absolute value, hence the downward spikes which correspond to sign changes.

with the scalar perturbations and cosmological parameters implicit from the temperature perturbations.
Polarization provides a powerful cross check because it probes the other of the two quadratures of the
cosmological perturbations.

The frontier of CMB polarization observations lies in searching for the B mode. The polarization field
on the celestial sphere may be divided into two components: an E mode, which may be expressed by means
of second derivatives acting on a potential, and a B mode where this pattern is rotated by 45�. For scalar
perturbations, which are the only ones that contribute to the matter power spectrum, only the E mode
polarization is possible within linearized cosmological perturbation theory. Nonlinear corrections, which
may be calculated reliably, contribute a gravitational lensing background (shown in red in the figure) having
a white noise spectrum at low multipole number `. This ‘white noise’ at low ` has a magnitude of around
5µK · arcmin, the precise value depending slightly on cosmological parameters. Any B mode with a black
body spectrum beyond the level expected from lensing is the tell-tale sign of primordial gravitational waves
from inflation, whose multipole spectral shape predictions are shown in Fig. 1 alongside the predictions for
the scalar anisotropies, shown in green. The expected B-mode anisotropies from inflation is parameterized
by the ratio of the primordial tensor perturbations relative to the scalar perturbations (T/S) or r.

The current COrE concept does not attempt to ‘clean’ the gravitational lensing B mode, but rather
accepts it as a background that can be well characterized and included in the analysis in the same way as
one typically deals with instrument noise in CMB experiments. Hence science requirement is to deliver a
foreground cleaned map with an accuracy in the neighborhood or slightly better than 5µK · arcmin after
foreground subtraction. This requires a superior raw sensitivity in order to clean out the foregrounds.

The so-called “foregrounds” may, on the one hand, be considered a nuisance for primordial cosmology.
They are the ‘dirt’ that must be removed to gain a glimpse at the pristine state of the primordial universe.
But on the other hand, these foregrounds, which will be characterized with exquisite precision, constitute a
gold mine for galactic and extragalactic science. In particular, the dust polarization maps produced, when
combined with 21cm maps to provide depth information, can be used to gain a better understanding of the
galactic magnetic field, which according to equipartition arguments plays a key role in the dynamics of the
interstellar medium. Numerous extragalactic polarized point sources will be discovered as well.

The following sections describe in more detail some of the highlights of the new science that one will be
able to do with COrE and formulate the science requirements for the COrE instrument. Then the following
sections describe the instrument proposed to satisfy these science goals. Additional information and details
as well as a bibliography are available on the website : wwww.core-mission.org.
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Constraining Inflation: the ns-r plane 
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Current constraints on single-field slow-roll Inflation 
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16 Planck Collaboration: Constraints on inflation

Fig. 11. Marginalized joint 68 % and 95 % CL regions for (✏1 , ✏2 , ✏3) (top panels) and (✏V , ⌘V , ⇠2V ) (bottom panels) for Planck
TT+lowP (red contours), Planck TT,TE,EE+lowP (blue contours), and compared with the Planck 2013 results (grey contours).

Fig. 12. Marginalized joint 68 % and 95 % CL regions for ns and r0.002 from Planck in combination with other data sets, compared
to the theoretical predictions of selected inflationary models.

12 Planck Collaboration: Constraints on inflation

Model Parameter Planck TT+lowP Planck TT+lowP+lensing Planck TT+lowP+BAO Planck TT,TE,EE+lowP
ns 0.9666 ± 0.0062 0.9688 ± 0.0061 0.9680 ± 0.0045 0.9652 ± 0.0047

⇤CDM+r r0.002 < 0.103 < 0.114 < 0.113 < 0.099
�2� lnLmax 0 0 0 0

+dns/d ln k

ns 0.9667 ± 0.0066 0.9690 ± 0.0063 0.9673 ± 0.0043 0.9644 ± 0.0049

⇤CDM+r r0.002 < 0.180 < 0.186 < 0.176 < 0.152
r < 0.168 < 0.176 < 0.166 < 0.149

dns/d ln k �0.0126+0.0098
�0.0087 �0.0076+0.0092

�0.0080 �0.0125 ± 0.0091 �0.0085 ± 0.0076
�2� lnLmax �0.81 �0.08 �0.87 �0.38

Table 4. Constraints on the primordial perturbation parameters for ⇤CDM+r and ⇤CDM+r+dns/d ln k models from Planck.
Constraints on the spectral index and its dependence on the wavelength are given at the pivot scale of k⇤ = 0.05 Mpc�1.

Fig. 6. Marginalized joint confidence contours for (ns , r), at the
68 % and 95 % CL, in the presence of running of the spectral
indices, and for the same data combinations as in the previous
figure.

for the base ⇤CDM model. When tensors are added, the bounds
become

r0.002 < 0.09 (95 % CL, Planck TT+lowP+WP),(31)
ns = 0.9655 ± 0.058 (68 % CL, Planck TT+lowP+WP),(32)
⌧ = 0.073+0.011

�0.013 (68 % CL, Planck TT+lowP+WP).(33)

When tensors and running are both varied, we obtain r0.002 <
0.14 (95 % CL) and dns/d ln k = �0.010 ± 0.008 (68 % CL)
for Planck TT+lowP+WP. These constraints are all tighter than
those based on Planck TT+lowP only.

5.3. The tensor-to-scalar ratio and the low-` deficit in
temperature

As noted previously (Planck Collaboration XV, 2014; Planck
Collaboration XVI, 2014; Planck Collaboration XXII, 2014), the
low-` temperature data display a slight lack of power compared
to the expectation of the best-fit tensor-free base ⇤CDM model.
Since tensor fluctuations add power on small scales, the effect
will be exacerbated in models allowing r > 0.

In order to quantify this tension, we compare the observed
constraint on r to that inferred from simulated Planck data. In
the simulations, we assume the underlying fiducial model to be

tensor-free, with parameters close to the base⇤CDM best-fit val-
ues. We limit the simulations to mock temperature power spec-
tra only and fit these spectra with an exact low-` likelihood for
2  `  29 (see Perotto et al. (2006)), and a high-` Gaussian
likelihood for 30  `  2508 based on the frequency-combined,
foreground-marginalized, unbinned Planck temperature power
spectrum covariance matrix. Additionally, we impose a Gaussian
prior of ⌧ = 0.07 ± 0.02.

Based on 100 simulated data sets, we find an expectation
value for the 95 % CL upper limit on the tensor-to-scalar ratio of
r̄2� ⇡ 0.260. The corresponding constraint from real data (using
low-` Commander temperature data, the frequency-combined,
foreground-marginalized, unbinned Planck high-` TT power
spectrum, and the same prior on ⌧ as above) reads r < 0.123,
confirming that the actual constraint is tighter than what one
would have expected. However, the actual constraint is not ex-
cessively unusual: out of the 100 simulations, 4 lead to an even
tighter bound, corresponding to a significance of about 2�.
Thus, under the hypothesis of the base ⇤CDM cosmology, the
upper limit on r that we get from the data is not implausible as a
chance fluctuation of the low multipole power.

To illustrate the contribution of the low-` temperature power
deficit to the estimates of cosmological parameters, we show as
an example in Fig. 7 how ns shifts towards lower values when
the ` < 30 temperature information is discarded (we will refer to
this case as “Planck TT�lowT”). The shift in ns is approximately
�0.005 (or �0.003 when the lowP likelihood is replaced by a
Gaussian prior ⌧ = 0.07 ± 0.02). Comparing with Sect. 4.4, we
notice that these shifts are larger than when fitting a primordial
spectrum suppressed on large scales to the data.

Figure 8 displays the posterior probability for r for various
combinations of data sets, some of which exclude the ` < 30 TT
data. This leads to the very conservative bounds r . 0.24 and
r . 0.23 at 95 % CL when combined with the lowP likelihood
or with the Gaussian prior ⌧ = 0.07 ± 0.020, respectively.

5.4. Relaxing assumptions on the late-time cosmological
evolution

As in the Planck 2013 release (PCI13), we now ask how robust
the Planck results on the tensor-to-scalar ratio are against as-
sumptions on the late-time cosmological evolution. The results
are summarized in Table 5, and some particular cases are illus-
trated in Fig. 9. Constraints on r turn out to be remarkably stable
for one-parameter extensions of the ⇤CDM+r model, with the
only exception the⇤CDM+r+⌦K case in the absence of the late-
time information from Planck lensing or BAO data. The weak
trend towards ⌦K < 0, i.e. towards a positively curved (closed)

Planck 2015 results. XX. Constraints on inflation. 



ns-r: foreseeable improvements  
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Figure 3: Left: Constraints on inflationary potentials from Planck and the predicted constraints from PRISM (not assuming
de-lensing) for a fiducial value of r = 5⇥10�2 (adapted from [86]). Right: distribution of inflationary model parameters generated
using a model independent approach that Monte-Carlo samples the inflationary flow equations. While these simulations cannot
be interpreted in a statistical way (e.g., Kinney [63], Peiris et al. [77], Chongchitnan and Efstathiou [26]), they show that models
cluster around attractor regions (adapted from [107]).

there is a very rich phenomenology. Single field inflation models can relate r directly with the evolution of
� at early times. Indeed, for an inflationary expansion lasting long enough to provide the observed level of
homogeneity and isotropy, we have ��/m

Pl

' (r/0.01)1/2. Multiple field inflation models arising in string
theory and other proposals for unification at high energies, as well as particle and string production during
the inflationary period, can lead to even higher values of r.

Primordial gravitational waves imprint a unique, as yet undetected, signature in the CMB polarization.
CMB polarization is a spin-two field on the sky, and is decomposed into the equivalent of a gradient—the
E-mode—and a curl—the B-mode. Gravitational wave fluctuations are visible as the B-mode polarization
of the CMB and are the only primordial contribution to B relevant at the time of recombination. Hence a
detection of B-modes is a direct probe of r, and thus the energy scale of inflation and other primordial energetic
processes. Furthermore, in the simple case of slow-roll inflation we have that r ⇡ �8nT . Additional detailed
measurements of the shape of the temperature and polarization spectra will measure higher derivatives of
the inflationary potential.

The 2013 Planck data release has significantly improved previous constraints on inflationary models. In
particular, and in the context of the simplest ⇤CDM scenario, Planck results provide nS = 0.9624±0.0075 and
r < 0.12. These results are notable because exact scale invariance (i.e., nS = 1) of primordial perturbations
is ruled out at more than 5�. When specific inflationary models are considered, Planck imposes significant
constraints on the potential (Fig. 3), as discussed in Ref. [86]. Indeed Planck has shown that it is possible
to test many inflation models using the CMB temperature data, yet even a forecast Planck limit r < 0.05
would leave many interesting models unprobed. Given that the stochastic background of gravity waves is the
smoking gun of inflation, it is crucial to map as accurately as possible the CMB polarization and in particular
characterize the B-mode angular power spectrum.

To forecast how well we would be able to measure the power spectrum of the B-modes, it is important
to recognize that the foreground signal is likely to dominate the cosmological signal at low `, where the
most constraining information on r is situated. If we propagate the uncertainties connected to foreground
contamination into the parameter error forecasts [107, 6, 9], we find that the proposed experimental set-up
will enable us to explore most large field (single field) inflation models (i.e., where the field moves for �MP )
and to rule in or out all large-field models, as illustrated in the right-hand panel of Fig. 3.

As the work by Smith et al. [98] indicates (see Fig. 8), the instrumental sensitivity, angular resolution
and, as a result, foreground control and subtraction will enable us to achieve a detailed mapping of the
lensing signal, and in particular to implement de-lensing techniques for the measurement of r, improving by
a factor of three our constraint on r. This implies that PRISM will detect r ⇠ 3 ⇥ 10�4 at more than 3�.
This performance is very close, within factors O(1), to what an ideal experiment (i.e., with no noise and no
foregrounds) could achieve, allowing PRISM to directly probe physics at an energy scale a staggering twelve
orders of magnitude higher than the center-of-mass energy at the Large Hadron Collider (LHC).

6

Forecasts for PRISM: arXiv:1306.22951 

Vast improvement achievable from future polarization  
data (TE, EE, BB) 
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Running spectral index  
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In all these definitions, it is understood that quantities
are evaluated at horizon exit k⇤ = aH (k⇤ = 0.05 Mpc�1
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In the context of slow-roll, one can have a general idea
about the magnitude of the above inflationary parame-
ters in terms of the number of e-folds N . If we consider
the empirical relation [7–9] ns � 1 / 1/N , one expects
that

↵s ⇠ 1

N2

. 10�4 and �s ⇠ 1

N3

. 10�5 , (7)

for typical choices of the number of e-foldings N = 50 �
60. The latest Planck 2015 temperature and polarization
TT,TE,EE+lowP [4] data analyses with r = 0 provide
the following constraints:

ns = 0.9586 ± 0.0056 ,

↵s = 0.009 ± 0.010 ,

�s = 0.025 ± 0.013 .

What is interesting to notice in these constraints, is a
slight preference for a positive �s ⇠ 10�2, while as we
will explain shortly, slow-roll inflation predicts typically
a smaller and negative �s.

The tensor contribution to the primordial power spec-
trum is parametrized by the tensor-to-scalar ratio r

r = Pt(k⇤)/P⇣(k⇤) , (8)

where Pt(k) ⌘ 2⇡2

k3 �2

t (k) is the tensor power spectrum,
and it is parametrized at first order as
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in which nt is the spectral index of tensor modes. In
the slow-roll regime, the magnitude of r can vary within
a large range, and this is the main di�culty in test-
ing inflation through the detection of B-modes. This
can be understood in the context of phenomenological
parametrizations of inflation [7–9]. In such approaches,
the (ns, r) plane appears to be unevenly filled, and one
can even argue on the existence of a “forbidden zone” 1,
in the r-direction, depending on the precise value of ns,
see Figure 1. Future CMB missions aim to reach the im-
portant theoretical milestone of r = 2⇥10�3·(60/N)2[13],
which would signal super-Planckian inflaton excursions
[14–16].

1 This observation has been made previously in di↵erent contexts
in [10–12].

III. MOST FAVOURED INFLATIONARY
SCENARIOS

In the following, we shall review the most favoured
models (including their predictions for the di↵erent in-
flationary observables: r, nt, ns, ↵s and �s) after Planck
2015 data release.

A. Quadratic scenarios

This class of scenarios represents the simplest theoret-
ical possibility. It includes:

The chaotic scenario, V / �2, both with mini-
mal and non-minimal coupling to gravity [17–23]. The
former is disfavoured with respect to the latter so the
non-minimally coupled version is perfectly compatible
with current data [24]. The predictions in the (ns, r),
(ns, ↵s), (ns, �s) and (nt, r) planes for these two models
(�2 and ⇠R�2) are depicted in Figures 1, 2, 3 and 4 for
two possible choices for the number of e-folds, N = 50
and N = 60 2. Notice, from Figure 1, that the trajecto-
ries in the (ns, r) plane for the non-minimally coupled
case (⇠R�2) start always at the point corresponding to
the �2 model predictions 3, and then, as the coupling ⇠
takes positive values, the tensor contribution is reduced,
and the scalar spectral index ns is pushed below scale
invariance, see Ref. [24]. Negative values of the coupling
⇠ (not illustrated here) are highly disfavoured by current
CMB observations, since they will lead to large values
of the tensor-to-scalar ratio r. Concerning the running
of the scalar spectral index ↵s, the trajectories for the
two quadratic scenarios considered here are depicted in
Figure 2. Notice that positive values of the coupling ⇠
will change the predicted value of ↵s in the �2 scenario
(↵s = �2/N2, corresponding to ↵s = �0.00056 for
N = 60) to slightly larger values, albeit the trajectories
always stay in the ↵s < 0 sub-plane. The running
of the running parameter, �s, barely changes with
respect to its predicted value in the non-minimally
coupled case (i.e. ⇠ = 0, for which �s = �4/N3, giving
�s ' �1.8 ⇥ 10�5 for N = 60) as the coupling ⇠ gets
positive values, see Figure 3. Finally, in Figure 4 we see
that all models follow the theoretical curve nt = �r/8.
In particular, the chaotic �2 model predicts a tensor
spectral index of nt ' �0.019 (nt ' �0.016) for N = 50
(N = 60); an increasing positive value of ⇠, within the
non-minimally coupled model, diminishes the predicted

2 The value of ⇠ ranges from ⇠ = 0 to ⇠ = 0.0065 in Figures 1, 2
and 3.

3 The case of ⇠ = 0 is equivalent to the standard inflationary
chaotic scenario in which the predictions are ns = 1 � 2/N and
r = 8/N , corresponding to ns = 0.967 and r = 0.13, respectively,
for N = 60.
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that

↵s ⇠ 1

N2

. 10�4 and �s ⇠ 1

N3

. 10�5 , (7)

for typical choices of the number of e-foldings N = 50 �
60. The latest Planck 2015 temperature and polarization
TT,TE,EE+lowP [4] data analyses with r = 0 provide
the following constraints:

ns = 0.9586 ± 0.0056 ,

↵s = 0.009 ± 0.010 ,

�s = 0.025 ± 0.013 .

What is interesting to notice in these constraints, is a
slight preference for a positive �s ⇠ 10�2, while as we
will explain shortly, slow-roll inflation predicts typically
a smaller and negative �s.
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in which nt is the spectral index of tensor modes. In
the slow-roll regime, the magnitude of r can vary within
a large range, and this is the main di�culty in test-
ing inflation through the detection of B-modes. This
can be understood in the context of phenomenological
parametrizations of inflation [7–9]. In such approaches,
the (ns, r) plane appears to be unevenly filled, and one
can even argue on the existence of a “forbidden zone” 1,
in the r-direction, depending on the precise value of ns,
see Figure 1. Future CMB missions aim to reach the im-
portant theoretical milestone of r = 2⇥10�3·(60/N)2[13],
which would signal super-Planckian inflaton excursions
[14–16].

1 This observation has been made previously in di↵erent contexts
in [10–12].

III. MOST FAVOURED INFLATIONARY
SCENARIOS

In the following, we shall review the most favoured
models (including their predictions for the di↵erent in-
flationary observables: r, nt, ns, ↵s and �s) after Planck
2015 data release.

A. Quadratic scenarios

This class of scenarios represents the simplest theoret-
ical possibility. It includes:

The chaotic scenario, V / �2, both with mini-
mal and non-minimal coupling to gravity [17–23]. The
former is disfavoured with respect to the latter so the
non-minimally coupled version is perfectly compatible
with current data [24]. The predictions in the (ns, r),
(ns, ↵s), (ns, �s) and (nt, r) planes for these two models
(�2 and ⇠R�2) are depicted in Figures 1, 2, 3 and 4 for
two possible choices for the number of e-folds, N = 50
and N = 60 2. Notice, from Figure 1, that the trajecto-
ries in the (ns, r) plane for the non-minimally coupled
case (⇠R�2) start always at the point corresponding to
the �2 model predictions 3, and then, as the coupling ⇠
takes positive values, the tensor contribution is reduced,
and the scalar spectral index ns is pushed below scale
invariance, see Ref. [24]. Negative values of the coupling
⇠ (not illustrated here) are highly disfavoured by current
CMB observations, since they will lead to large values
of the tensor-to-scalar ratio r. Concerning the running
of the scalar spectral index ↵s, the trajectories for the
two quadratic scenarios considered here are depicted in
Figure 2. Notice that positive values of the coupling ⇠
will change the predicted value of ↵s in the �2 scenario
(↵s = �2/N2, corresponding to ↵s = �0.00056 for
N = 60) to slightly larger values, albeit the trajectories
always stay in the ↵s < 0 sub-plane. The running
of the running parameter, �s, barely changes with
respect to its predicted value in the non-minimally
coupled case (i.e. ⇠ = 0, for which �s = �4/N3, giving
�s ' �1.8 ⇥ 10�5 for N = 60) as the coupling ⇠ gets
positive values, see Figure 3. Finally, in Figure 4 we see
that all models follow the theoretical curve nt = �r/8.
In particular, the chaotic �2 model predicts a tensor
spectral index of nt ' �0.019 (nt ' �0.016) for N = 50
(N = 60); an increasing positive value of ⇠, within the
non-minimally coupled model, diminishes the predicted

2 The value of ⇠ ranges from ⇠ = 0 to ⇠ = 0.0065 in Figures 1, 2
and 3.

3 The case of ⇠ = 0 is equivalent to the standard inflationary
chaotic scenario in which the predictions are ns = 1 � 2/N and
r = 8/N , corresponding to ns = 0.967 and r = 0.13, respectively,
for N = 60.

Planck 

Escudero et al. 2016, arXiv: 1509.05419 

•  Future CMB surveys (e.g. CORE) 
    can achieve factor ~3 improvement  
     (Errard et al. 2015, arXiv:1509.06770) 
 
•  Allows to further tighten constraints  
    on inflationary models 
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Primordial non-Gaussianity. Many inflationary scenarios (notably, multi-field  
Inflation) predict small, model-dependent deviations from Gaussianity. 
Additional information in 3-point (bispectrum) and 4-point (trispectrum)  
correlation functions. 
  

Local Equilateral Flat 

•  Fit primordial bispectrum (trispectrum) template to the data and measure  
    the degree of correlation via a dimensionless parameter fNL  (gNL, τNL).  
 
•  Large fNL for a given shape selects specific scenarios. E.g. large local fNL 
    would rule out standard single-field models. 

Beyond power spectra: non-Gaussianity 

L1 
L2 

L3 
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•  Still room for improvement on NG parameters from future CMB data.  
    Achievable by increasing sensitivity for E-mode.  

•  A cosmic variance dominated E-mode reconstruction up to lmax ~ 3000  
    (PRISM, CMBpol) allows an improvement in fNL error bars by a  
    factor ~3 for all shapes (no other cosmological observable can do that,  
    except futuristic 21 cm surveys). 

•  Similar improvement expected for trispectra (can test consistency relations). 

•  Allows to test alternatives to Inflation (e.g. ekpyrosis) 

•  All these measurements require full-sky, high-sensitivity, accurate  
    foreground subtraction.  
 
 
 
 

Non-Gaussianity: foreseeable improvements 



CMB spectral distortions: a new window 
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CMB spectral distortions from acoustic 
wave dissipation probe a large range  
of scales, much smaller than CMB/LSS 
 
Many additional modes!  

•  Power spectrum and running spectral index  
    (Khatri and Sunyaev 2013, Cabass, Melchiorri, Pajer 2016) 
 
•  If µ-anisotropies are measured (no absolute calibration needed): 
 

ü  Tµ correlation: primordial local fNL (or other squeezed bispectra) 
     (Pajer and Zaldarriaga 2013) 

ü  µµ correlation: primordial local trispectrum, τNL 

ü  TTµ bispectrum: primordial local trispectrum, gNL 
     (Bartolo, ML, Shiraishi 2016) 
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Figure 1. Power which disappears from the anisotropies appears in the monopole as spectral distortions. CMB
damped and undamped power spectra were calculated using analytic approximations [33–36]. Scale range
probed by the CMB anisotropy experiments such as COBE-DMR, WMAP, Planck, SPT and ACT is marked
by the shaded region on the left side of the plot. Spectral distortions probe much smaller scales up to the
blackbody photosphere boundary at ` ⇠ 108.

spectrum. The energy stored in the perturbations (or the sound waves in the primordial radiation
pressure dominated plasma) on the dissipating scales, however, does not disappear but goes into the
monopole spectrum creating y, µ and i-type distortions, see Fig. 1. This e↵ect was estimated initially
by Sunyaev and Zeldovich [2] and later by Daly [43] and Hu, Scott and Silk [44]. Recently, the
energy dissipated in Silk damping and going into the spectral distortions was calculated precisely in
[45], correcting previous calculations and also giving a clear physical interpretation of the e↵ect in
terms of mixing of blackbodies [45, 46] 2. The calculations in [45] showed that photon di↵usion just
mixes blackbodies and the resulting distortion is a y-type distortion which can comptonize into i-type
or µ-type distortion, depending on the redshift. We can write down the (fractional) dissipated energy
(Q ⌘ �E/E�) going into the spectral distortions as [45, 46]

dQ
dt
= �2

d
dt

Z
k2dk
2⇡2 P�i (k)

2
6666664
1X

`=0

(2` + 1)⇥2
`

3
7777775 ⇡ �2

d
dt

Z
k2dk
2⇡2 P�i (k)

h
⇥2

0 + 3⇥2
1

i
, (2.1)

where ⇥`(k) are the spherical harmonic multipole moments of temperature anisotropies of the
CMB, t is proper time and P�i (k) = 4

0.4R⌫+1.5 P⇣ ⇡ 1.45P⇣ , P⇣ = (A⇣2⇡2/k3)(k/k0)ns�1+ 1
2 dns/d ln k(ln k/k0),

the amplitude of comoving curvature perturbation A⇣ is equivalent to �2
R in Wilkinson Microwave

2See [47] for a slightly di↵erent way of calculating µ-type distortions and also [48].

– 3 –

Kathri and Sunyaev 2013, arXiv: 1303.7212 



M. Liguori – Primary CMB – New challenges in Cosmic Microwave Backgroud studies – ASI 30 March 2016   

6

bh
2M

 ×
 f N

L

lmax

µT: Ideal
CMBpol

PIXIE
Planck

TTT

10-3

10-2

10-1

100

101

102

103

104

105

 10  100  1000

FIG. 2. Expected 1� errors on �2M for fNL = 1 estimated
from the µ-T correlation in the noise-free ideal case and in
the cases including the instrumental noises of Planck, PIXIE
and CMBpol. For comparison, the error estimated from the
temperature bispectrum [13] is also plotted. Following previ-
ous results in the literature, we take the cosmic variance level
as C̄µµ
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and hence an expected 1� error bar 1/
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This can be compared to the results estimated from the

temperature power spectrum. The Fisher matrix F
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just a toy model with a constant modulation extending
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FIG. 3. Expected 1� errors on A1M estimated from the µ-µ
correlation in the noise-free ideal case and in the cases includ-
ing instrumental noise levels of Planck, PIXIE and CMBpol.
We here adopt C̄µµ

` = 10�28.

up to very high `. The dipolar asymmetry that is found
in the CMB extends up to at most ` ⇠ 100, and it thus
leaves no signature in µ-µ.
Before concluding this section, we would like to stress

that the forecasts presented here do not take into account
important issues, like foreground subtraction. Such is-
sues play, of course, a crucial role in actual measure-
ments, and would most likely a↵ect the expected error
bars, plotted in Figs. 2 and 3, in a survey-dependent way
(with e.g. PIXIE expected to be significantly more e�-
cient than Planck or CMBpol at component separation
for µ reconstruction). An accurate investigation of these
e↵ects is beyond the scope of this simple analysis. Our
main goal in this section was just to show that, while in-
teresting information on isotropy-breaking signatures is

present in the µ-T and µ-µ correlations, only futuristic
surveys will be able to extract it (as is the case also for
many other NG signatures, such as primordial NG of the
local type, or signatures induced by primordial magnetic
fields).

VI. CONCLUSIONS

We studied CMB µ spectral distortion signatures aris-
ing from dissipation of acoustic waves in models charac-
terized by primordial breaking of rotational invariance.
We find that such anisotropic primordial scenarios pre-
dict distinctive o↵-diagonal signatures in the µ-T corre-
lation matrix.
More specifically, for NG models generating bispectra

with a quadrupolar asymmetry, as generally predicted
by anisotropic inflationary scenarios, we find nonvanish-
ing µ-T correlations with a distinct |`

1

� `

2

| = 2 signa-
ture. The coupling we find is consistent with what we
intuitively expected, due to the quadrupolar nature of
the rotation-invariance-breaking terms, and since these

Cabass, Melchiorri and Pajer (2016),  
arXiv: 1602.05578 

Shiraishi, ML and Bartolo (2015), 
arXiv: 150606670 

•  With “PIXIE x 3”, either detection of µ, or detection of running 
 

•  Cosmic variance dominated observation of µ anisotropies (futuristic) 
    can achieve, for standard local shape fNL,τNL << 1 (local) and 
    gNL ~ a few (local), as well as testing several other models and scenarios. 
 

•  Specific models produce enhanced signals that can be observed also  
    with PIXIE-like sensitivity. 
 



Tests of isotropy: CMB anomalies 
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•  Three main “families”: lack of large angle correlation, multipole alignments,  
    Hemispherical asimmetry. All on large scales. 
 

•  Statistical fluke, “a posteriori”, look elsewhere, or real? Cosmological or not? 
    Primordial or late time? 
 

•  Ways forward :  
 

ü  Find primordial models explaining the anomalies and fit parameters. 
ü  Cross-check temperature anomalies using e.g. CMB polarization. 

A&A proofs: manuscript no. planck_2015_iands_final
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Fig. 2. N -point correlation functions determined from the N

side

= 64 Planck CMB 2015 temperature maps. Results are shown
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where Ê
k

© fik/2/�(k/2 + 1).
Since this factorization is still valid in the weakly non-

Gaussian case, we can use the normalized MFs, v
k

, to focus
on deviations from Gaussianity, with a reduced sensitivity
to cosmic variance.

Apart from the characterization of the MFs using full-
resolution temperature sky maps, we also consider results
at di�erent angular scales. In this paper, two di�erent ap-
proaches are considered to study these degrees of freedom:
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Fig. 17. Di�erence of the N -point correlation functions determined from the N

side

= 64 Planck CMB 2015 temperature estimates
and the corresponding means estimated from 1000 simulations. Results are shown for the 2-point, pseudo-collapsed 3-point (upper
left and right panels, respectively), equilateral 3-point, and connected rhombic 4-point functions (lower left and right panels,
respectively). Correlation functions are shown for the analysis performed on northern (blue) and southern (red) hemispheres
determined in the ecliptic coordinate frame. The solid, dashed, dot-dashed, and dotted lines correspond to the Commander, NILC,
SEVEM, and SMICA maps, respectively. Note that the lines lie on top of each other. The shaded dark and light grey regions indicate,
for reference, the 68 % and 95 % confidence regions, respectively, determined from the SMICA simulations.

where C
¸

and N
¸

are the signal and noise power spectra
respectively. Uncertainties are computed by applying the
estimator to simulations.

Table 17 presents results from an analysis of the Planck

data using the extended common mask, UTA76, and limit-
ing the range of multipoles to 2 Æ ¸ Æ 1200. When including
data at higher ¸-values, simulations show evidence for large
statistical uncertainties in the recovered g

2M

values that
are a consequence of the many holes in the mask related
to point sources. Therefore, imposing this limit ¸ Æ 1200
does not significantly a�ect the constraining power of the
analysis. We then estimate the amplitude of the quadrupo-
lar modulation using the relation g

2

=
!
1/5

q
M

|g
2M

|2
"

1/2.
Due to the nature of the estimator, which is necessarily pos-
itive, the estimation is biased. For an unbiased assessment,
we estimate the mean and standard deviation of g

2

from

simulations. We find no evidence for quadrupolar modula-
tion of the primordial power spectrum. However, the de-
rived limits allow us to impose tight constraints on sta-
tistically anisotropic inflationary models, such as those in-
cluding vector fields during inflation. A companion paper,
Planck Collaboration XX (2015), contains a more complete
discussion on the theoretical implications of this constraint.

5.4. Point-parity asymmetry

The CMB anisotropy field defined on the sky, T (n̂), may be
divided into symmetric, T +(n̂), and antisymmetric, T ≠(n̂),
functions with respect to the centre of the sphere, as pre-
viously described in PCIS13. These functions have even
and odd parity, and thus correspond to spherical harmon-
ics with even and odd ¸-modes, respectively. On the very
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Parity breaking 
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•  If fundamental Physics is parity-breaking in the electromagnetic sector, 
    there are observational consequences, e.g.: 

ü  Non-vanishing EB and TB 
ü  Cosmic birefringence (rotation of polarization angle) 
ü  Parity-odd bispectra 

•  These signatures were all tested using Planck data.  
    Birefringence Planck paper in preparation. Planck statistical  
    uncertainty on rotation angle ~ 0.03 deg 
 
•  Better polarization data can lead to significant improvements 
    A CORE-like survey can improve statistical uncertainty by  
    a factor ~ 10 
  



Primordial magnetic fields 
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•  Primordial Magnetic Fields (PMF), could be generated in the Early 
Universe by different mechanisms, such as inflation or phase transitions. 

•  The study of PMF may open a new observational window on the 
early universe. 

 
•  At later times, these PMF could have contributed to the generation of the 

observed large scale magnetic fields in galaxies and clusters. 

•  PMF leave different signatures on the CMB anisotropies, in temperature, 
polarization and non-Gaussianities, including parity-breaking features. 
Therefore the CMB is the best laboratory to investigate and 
constrain PMF. 

•  Current constraints at nG level (Planck 2015 results XIX, Paoletti and Finelli, 2011, 
2013). 

•  Future polarization surveys can improve by one order of 
magnitude. 



Topology 
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● multiple images of the same 
object seen from few different 
directions

● breakdown of statistical isotropy

● damping of the power of the 
longest modes of matter density 
perturbations

● discrete spectrum of modes of 
matter density perturbations

Signatures of topology

Rencontres de Moriond, 2012

 

Circles in the sky

● in multi-connected universe we will observe pairs of matched 
circles in the anisotropy patterns from the last scattering surface

Rencontres de Moriond, 2012

Cornish et al. (1998)

•  Multi-connected Universe => matched circles  
    in the CMB sky 
 

•  Accurate polarization maps allow important  
    cross-check of temperature searches and  
    accuracy improvement. 
 

•  Sensitivity improvements, full sky and  
    foreground subtraction are again crucial 



Summary 
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•  CMB studies projected Cosmology into a new, data-driven,  
    high-precision era. 
 

•  Much information still awaits to be extracted. For primary CMB: 
 

ü  Polarization (primordial B-mode spectrum, accurate E-mode maps) 
ü  Spectral distortions 

 

•  This additional information, would allow to, e.g.: 
 

ü  Strongly improve our understanding of the Early Universe  
            (e.g. tight constraints on Inflation) 

ü  Possibily provide a smoking-gun evidence of Inflation 
ü  Test energy scales well above particle accelerators’ reach 
ü  Test fundamental assumptions of standard Cosmology 
ü  Search for new Physics 
 

(and much more if we consider late-time Physics, secondary  
effects etc., see coming talks) 

 

•  Accurate foreground subtraction (i.e. wide frequency coverage), tight  
    control of systematics, high sensitivity and full sky coverage are key to a  
    fully successful achievement of the above scientific goals => SPACE 


