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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 

Non-standard/new Physics: 
 

-   Parity breaking 
-   Topology 
-  Cosmic strings… 
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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 
 

•  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 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: temperature 
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Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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•  As long as primordial fluctuations are concerned, Planck has essentially  
     fully and optimally extracted all information from temperature. 



Current status: polarization 
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P l a n c k C o l l a b o r a t i o n : C o s m o l o g i c a l p a r a m e t e r s
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Fig. 3. Frequency-averaged T E and EE spectra (without fitting for T -P leakage). The theoretical T E and EE spectra plotted in the
upper panel of each plot are computed from the Planck TT+lowP best-fit model of Fig. 1. Residuals with respect to this theoretical
model are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the
best-fit temperature-to-polarization leakage model of Eqs. (11a) and (11b), fitted separately to the T E and EE spectra.
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•  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+BICEP. 
    Primary goal for future CMB experiments. 



Current status: distortions 
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No distortion detected  
(except y-distortions from  
SZ-effect, not primordial). 
 
Best limits essentially date back  
to COBE/FIRAS: 
 
ΔIν/Iν < 10-4 

µ < 9 x 10-5 

y < 1.5 x 10-5   (95% C.L.) 

Spectral distortions yet undetected. They are expected in  
standard Cosmology, from a variety of mechanisms. 



Expected CMB distortions in ΛCDM 
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Figure 1. Comparison of several CMB monopole distortion signals produced in the standard ⇤CDM cosmology. The low-redshift distortion created by
reionization and structure formation is close to a pure Compton-y distortion with y ' 2 ⇥ 10�6. Contributions from the hot gas in low mass halos give rise to a
noticeable relativistic temperature correction, which is taken from Hill et al. (2015). The damping and adiabatic cooling signals were explicitly computed using
CosmoTherm (Chluba & Sunyaev 2012). The cosmological recombination radiation (CRR) was obtained with CosmoSpec (Chluba & Ali-Haı̈moud 2016). The
estimated sensitivity (�I⌫ ⇡ 5 Jy/sr) of PIXIE is shown for comparison (dotted line). The templates will be made available at www.Chluba.de/CosmoTherm.

For As = 2.207 ⇥ 10�9, nS = 0.9645 and nrun = 0 (Planck
Collaboration et al. 2015b), we present the result in Fig. 1. The
adiabatic cooling distortion (see Sect. 2.3) was simultaneously
included. The signal is uncertain to within ' 10% in ⇤CDM
(Sect 3.3). The distortion lies between a µ and y-distortion and is
close to the detection limit of PIXIE. As we will see below (Sect. 4),
with the current design the µ-distortion part of the signal should be
seen at the level of ' 1.5�, which is in good agreement with earlier
analysis (Chluba et al. 2012b; Chluba & Jeong 2014). A clear 5�
detection of this signal should be possible with ' 3.4 times higher
sensitivity (Sect. 4). We will discuss di↵erent approximation for
the damping signal below (Sect. 3), but simply performing a best-
fit using µ, y and temperature shift (see Chluba & Jeong 2014, for
explicit definitions of these spectral shapes), � = �T/T0, we find
µfit ⇡ 1.984 ⇥ 10�8, yfit ⇡ 3.554 ⇥ 10�9 and �fit ⇡ �0.586 ⇥ 10�9

with a non-vanishing residual at the level of 20% � 30%.

2.3 Adiabatic cooling for baryons

The adiabatic cooling of ordinary matter continuously extracts en-
ergy from the CMB photon bath by Compton scattering leading to
another small but guaranteed distortion that directly depends on the

baryon density and helium abundance. The distortion is character-
ized by negative µ- and y-parameters at the level of ' few ⇥ 10�9

(Chluba 2005; Chluba & Sunyaev 2012; Khatri et al. 2012). The
e↵ective energy extraction history is given by

d(Q/⇢�)
dz

= �3
2

NtotkT�
⇢�(1 + z)

⇡ �5.71 ⇥ 10�10

(1 + z)

"
(1 � Yp)
0.7533

#"
⌦bh2

0.02225

#

⇥
"
(1 + fHe + Xe)

2.246

#  T0

2.726 K

��3

(2)

where Ntot = NH(1+ fHe+Xe) is the number density of all thermally
coupled baryons and electrons; NH ⇡ 1.881 ⇥ 10�6 (1 + z)3 cm�3

is the number density of hydrogen nuclei; fHe ⇡ Yp/4(1 � Yp) ⇡
0.0819 and Xe = Ne/NH is the free electron fraction, which can
be computed accurately with CosmoRec (Chluba & Thomas 2011).
For Planck 2015 parameters, the signal is shown in Fig. 1. It is
uncertain at the ' 1% level in ⇤CDM (Sect 3.3) and cancels part of
the damping signal; however, it is roughly one order of magnitude
weaker and cannot be separated at the currently expected level of
sensitivity of next generation CMB spectrometers.

c� 0000 RAS, MNRAS 000, 000–000

Chluba 2016, arXiv:1603.02496 

Large amount of information. Not accessible from ground. 



Testing Inflation: power spectra. 
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•  The primordial curvature perturbation from inflation is described by a  
     Gaussian random field with nearly scale invariant spectrum 
 
 
 
 
•  Inflation also predict 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 strenght 
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 < 0.1  (Planck + BICEP). 
 
•  From the ground, Δr ~ 0.01 maybe achievable. 
 
•  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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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)
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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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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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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
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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
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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 
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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 
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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.  
 
 
 
 



“A new window” 

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

2

0). Finally for z . zµ,f even Compton scattering is not
e�cient enough to establish kinetic equilibrium between
matter and radiation. The distortion created after this
moment is known as y-type and is relevant e.g. for the
Sunyaev-Zel’dovich e↵ect [7]. Of course this is a simpli-
fied picture since there is no sharp transition between one
regime and the next. For the purpose of analytical esti-
mates we will take the period responsible for the creation
of µ-distortion to be zµ,f . z . zµ,i with the numerical
values given above. As we will see, due to a logarithmic
dependence on the size of this interval, changing these
values by factors of order unity will not alter the main
results. It should be clear though that for precise predic-
tions one needs to study the system numerically.

We will be interested in the energy injection coming
from the dissipation of acoustic waves of the adiabatic
mode (Silk damping) as these re-enter the horizon and
start oscillating. Other sources of distortion are present
(e.g. adiabatic cooling [2]) and the physics of the system
is very rich. Our working assumption here is that either
all other sources lead to a smaller and therefore negligi-
ble distortion, as it is the case if the primordial power
spectrum is not too red tilted, or that all other relevant
e↵ects are understood with a high enough precision to
be subtracted o↵ leaving the µ-distortion caused by Silk
damping as the only signal.

µ-DISTORTION

In this section, following [1–3], we derive a formula that
relates the late time µ-distortion to the primordial power
spectrum. Using the Bose-Einstein distribution plus the
fact that the total number of photons is constant, for
an amount of energy (density) released into the plasma
�E one finds that µ ' 1.4�E/E. Hence, let us estimate
the energy injection due to damping of acoustic waves.
The energy density of a density wave is given by[19] Q =
⇢h��(x)2ipc2s/(1 + c2s), with cs the sound speed, ⇢ the
density and � the dimensionless amplitude of oscillations
averaged over a period (indicated by hip to di↵erentiate
it from the quantum/ensemble average hi). Since at this
time the universe is dominated by radiation we take ⇢ =
⇢� and c2s ' 1/3. Then one has
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We can use the transfer function (see e.g. [9])
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Figure 1: The figure shows the power spectrum with Silk
damping as function of log k. The dotted, dashed and dot-

dashed lines are �2
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= 1100 respectively. The red area on the right
indicated by µ is the di↵erence of the power spectrum between
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. Once integrated over log k this gives the µ-
distortion. For comparison on the left we have highlighted
the scales probed by LSS and CMB anisotropies.
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We then have

h��(x)2ip = 1.45

Z
d3k

1

d3k
2

(2⇡)6
R(k

1

)R(k
2

) (5)

⇥h��(k1)��(k2)ipei(~k1

+

~k
2

)·~x ,

where R describes curvature perturbations. Finally to
account for the fact that µ arises from a thermalization
process, we use a top-hat filter in real space W (x), which
smears the dissipated energy over a volume of radius
k�1

s & k�1

D,f .
Summarizing, the deformation parameter µ is related

to primordial perturbations by

µ(x) ' 4.6

Z
d3k

1

d3k
2

(2⇡)6
R(~k

1

)R(~k
2

)ei
~k
+

·~xW

✓
k
+

ks

◆
(6)

⇥hcos (k
1

r) cos (k
2

r)ip
h
e�(k2

1

+k2

2

)/k2

D

iz
µ,i

z
µ,f

where W (k) ⌘ 3k�3 [sin(k)� k cos(k)] is the Fourier

transform of the top-hat filter W (x) and ~k± ⌘ ~k
1

±
~k
2

. The quantum/ensemble average of µ(x) gives the
log-integral of the primordial power spectrum from
kD(zµ,i) ' 1.1⇥ 104 Mpc�1 to kD(zµ,f ) ' 46Mpc�1

hµ(x)i ' 2.3

Z
d log k�2

R(k)
h
e�2k2/k2

D

ii
f
, (7)

Pajer and Zaldarriaga 2013, arXiv:1201.5375 

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

•  Running spectral index 

•  If µ-anisotropies are measured (no absolute calibration needed): 
 

ü  Tµ correlation: primordial local fNL (or other squeezed bispectra) 

ü  µµ correlation: primordial local trispectrum, τNL 

ü  TTµ bispectrum: primordial local trispectrum, gNL 
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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

` = 10�28.

trum, the Fisher matrix is written as

F

(µµ)

A

=
2

3

`

maxX

`

1

,`

2

=2

h

2

`

1

`

2

1

�
C̄

µµ

`

1

+ C̄

µµ

`

2

�
2

C

µµ

`

1

,obs

C

µµ

`

2

,obs

. (28)

In the noise-free ideal case, we can write C

µµ

`,obs

=

C̄

µµ

`

= const. This reduces the Fisher matrix to

F

(µµCV)

A

=
8

3

`

maxX

`

1

,`

2

=2

h

2

`

1

`

2

1

=
2

⇡

(`
max

+ 3)(`
max

� 2) , (29)

and hence an expected 1� error bar 1/
p
F is estimated

as

�A

(µµCV)

1M

⇡ 1.3

`

max

. (30)

This can be compared to the results estimated from the

temperature power spectrum. The Fisher matrix F

(TT )

A

becomes the same form of F (µµ)

A

, aside from a prefactor
4 due to the di↵erence of factor 2 between C

µµ

`

1

m

1

,`

2

m

2

in Eq. (22) and C

TT

`

1

m

1

,`

2

m

2

in Eq. (23). Since C̄

TT

`

and

C̄

TT

`±1

take almost identical values, the Fisher matrix for
the ideal cosmic-variance-limited case can be simplified

like Eq. (29), and we finally find �A

(TTCV)

1M

⇡ 2�A(µµCV)

1M

.
The errors for the cases with more realistic noise levels

are computed with C

µµ

`,obs

= C̄

µµ

`

+ N

µµ

`

. The results
plotted in Fig. 3 are consistent with the expectation from
Eq. (28) that, for `

max

. `

µ

, the error bars simply get
bigger by a factor N

µ

/C̄

µµ

`

with respect to the noise-free
ideal case. We stress again that we are considering here
just a toy model with a constant modulation extending

bA
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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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CMB anomalies after Planck 7

feature p-value data reference

in angular space

low variance (N
side

= 16)  0.5% Planck 15 Tab. 12 [7]

2-pt correlation �2(✓ > 60�)  3.2% Planck 15 Tab. 14 [7]

2-pt correlation S
1/2

 0.5% Planck 15 Tab. 13 [7]

2-pt correlation S
1/2

 0.3% Planck 13 &

WMAP 9yr Tab. 2 [31]

2-pt correlation S
1/2

(larger masks)  0.1% Planck13 Tab. 2 [31]

 0.1% WMAP 9yr [31, 32]

hemispherical variance asymmetry  0.1% Planck 15 Tab. 20 [7]

cold spot  1.0% Planck 15 Tab. 19 [7]

in harmonic space

quadrupole-octopole alignment  0.5% Planck 13 Tab. 7 [33]

` = 1, 2, 3 alignment  0.2% Planck 13 Tab. 7 [33]

odd parity preference `
max

= 28 < 0.3% Planck 15 Fig. 20 [7]

odd parity preference `
max

< 50 (LEE) < 2% Planck 15 Text [7]

dipolar modulation for ` = 2 – 67  1% Planck 15 Text [7]

Table 1. P-values in per cent of various unexpected features. In this table we define
the sense of p-values such that a small value means that it is unexpected. In some
cases this is di↵erent from the sense used by the Planck collaboration in their analysis.
The Planck analysis relies on just 1000 Monte Carlo simulations of the instrument and
pipeline and thus p-values below 0.2% cannot be resolved. Other groups have used
larger numbers of simulations, but those simulations do not include instrumental and
algorithmic e↵ects of the Planck analysis. LEE stands for look elsewhere e↵ect.

2.1. Low variance and lack of correlation

Historically, the first surprise, already within the COBE data, was the smallness of the

quadrupole moment. When WMAP released its data [29], it confirmed C
2

to be low,

however it was also shown that cosmic variance allows for such a small value [30].

Another rediscovery in the first release of WMAP [29] was that the angular two-

point correlation function at angular scales >⇠ 60 degrees is unexpectedly close to zero,

where a non-zero correlation signal was to be expected. This feature had already

been observed by COBE [34], but was forgotten by most of the community before

its rediscovery by WMAP. The two-point correlation function as observed with Planck

[7] is shown in Fig. 3.

The WMAP team suggested a very simple statistic [35] to characterize the vanishing

correlation function –

Sµ ⌘
Z µ

�1

d(cos ✓)[C(✓)]2, (6)

with µ ⌘ cos ✓ = 1/2. This measures the deviation from zero at ✓ > 60�.

Detailed further investigations of the lack of angular correlation have been presented in

[36, 37, 38, 32, 31]. Depending on the details of the analysis, p-values consistently below

•  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 different observables. 
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•  Current data provide reliable polarization power spectra (but foreground  
     contamination at low l is difficult to handle). 

 
•  Need better S/N and excellent level of foreground subtraction  
     to produce additional tests at the level of Q,U maps. 

5

hemisphere larger than the north. It was subsequently
pointed out that a dipolar modulation of the form of
Eq. (A1) with a modulation field of

h(x) = w1Y10

!

z

Drec

"

, (13)

could explain the asymmetry though not the curi-
ous alignment with the SEP [2, 12, 27]. Note that
Y10(z/Drec) =

#

3/4!(z/Drec) in a coordinate system
where the z-axis points along the modulation axis. We
set the g2 field to have power only at " > 40 and hence its
contribution is irrelevant in our considerations. We take
the g1 field to have a scale invariant power spectrum

k3Pg1
(k)

2!2
=

9

25
#2! (14)

with #! = 4.6!10!5 which corresponds to the WMAP 3-
year normalization for a cosmology with matter density
!m = 0.24, cosmological constant !! = 0.76, baryon
density !bh2 = 0.022, Hubble constant H0 = 73 km s!1

Mpc!1, and spatially flat spatial geometry.
Once w1 is specified, we can use our simulation pipeline

to make realizations of the polarization field. An extreme
example with w1 = 2.5 is shown in Fig. 3. Note that
the hemispherical power asymmetry carries through to
the polarization. The WMAP temperature field however

FIG. 3: Map composed of the first 10 multipoles of the E
polarization field in a dipole modulation model with w1 = 2.5.
The power is larger in the southern hemisphere.

suggests a much weaker dipole modulation that can only
be detected statistically in the polarization. We will base
our parameter choices on the analysis of Ref. [12] which
found w1 = 0.23± 0.07 with w1 = 0 excluded at the 99%
CL. For illustrative purposes we will take a reionization
model with $ = 0.09 where hydrogen is fully ionized out
to a maximum redshift and neutral thereafter. We test
sensitivity to the reionization history in §III B.

A. Dipole Modulation Statistics

The dipolar modulation in the potential field gives rise
to couplings between " and "" = "±1 multipole moments

in not only TT

"T #
"mT"+1,m# $ w1 , (15)

but also in all of the two point combinations involving E

"X#
"mY"+1,m# $ w1 , (16)

specifically XY % {TE, ET, EE}. We derive the propor-
tionality coe"cients in Appendix A4. Each multipole
pair then forms a noisy estimator of the dipole modula-
tion parameter w1. Even in the absence of detector noise
and foregrounds, the cosmic variance of the temperature
and polarization fields provide noise to the measurement.
Eqs. (A39) and (A40) give the unbiased minimum vari-
ance combinations of the multipole pairs as estimators of
w1.

The first question we ask is: if the observed dipole
asymmetry at " & 20 ' 40 is a statistical fluke and that
the true ensemble average is w1 = 0, how well can tem-
perature and polarization at " ! 10 rule out a finite value
of w1 near the best fit of w1 ( 0.2? Under this assump-
tion, we show the distribution of the XY estimators and
the joint estimator in Fig. 4. These distributions were
generated from 105 2D simulations of the unmodulated
temperature and polarization fields in accordance with
the power spectra of Eq. (A9), (A20) and (A30).

FIG. 4: Probability distribution of the dipole modulation es-
timators ŵXY

1 for a model with w1 = 0 where XY represents
the two fields whose ! and !+1 multipoles are correlated: TT
(red long-dashed curve), TE (black dotted-dashed curve), ET
(violet dotted curve) and EE (blue thick dashed curve). The
minimum variance joint estimator ŵ1 is shown as the solid
curve. We have assumed cosmic variance limited measure-
ments and !max = 11 for all estimators.

Given TT alone, the hypothesis that w1 & 0.2 can
only be weakly tested. Specifically, a value of w1 ) 0.2
can be tested at the 86.4% confidence level (CL) by TT .
Each of the polarization estimators can in principle test
dipole modulation at a comparable level: w1 ) 0.2 can be

6

tested at 81.6% confidence by EE, at 83.4% CL by TE
and at 82.1% CL by ET . The combination of the four
estimators however is more powerful: w1 ! 0.2 can be
tested at 98.4% CL by the joint estimator. For reference,
the central value of [12], w1 = 0.23, yields a 99.3% CL
test. Furthermore the 95% upper limit on w1 achievable
with the joint estimator is w1 " 0.15.

FIG. 5: Standard deviation of the individual estimators ŵXY
1

and the joint estimator (black) as a function of maximum
multipole pair employed in the estimators !max. The indi-
vidual XY pairs are TT (red long-dashed curve), TE (black
dotted-dashed curve), ET (violet dotted curve) and EE (blue
dashed curve) from the analytic calculation of the Appendix.

Most of the polarization information comes from mul-
tipoles in the range of ! # 4$8. In Fig. 5 we show the rms
fluctuation in the estimators as a function of !max, the
maximum multipole employed in the estimators. Note
that the estimators involving polarization saturate by
! # 10.

The next question we ask is: given a true model of
w1 = 0.2, how well can an isotropic model of w1 = 0
be excluded? Fig. 6 shows the distribution of w1 com-
ing from 545 realizations of a 3D modulated model (his-
togram, !max = 11). In these simulations w1 " 0 oc-
curred in less than 1% of the realizations. Furthermore
the mean of the samples %ŵ1& = 0.20 is consistent with
being unbiased and the standard deviation " = 0.08 is
consistent with the expectations from Fig. 5.

B. Model Dependence and Noise

These tests are only weakly sensitive to the assumed
reionization history for a cosmic variance limited observa-
tion. The main di!erence is that a linear modulation pro-
duces a weaker e!ect for nearby sources of polarization
and hence the signal decreases with # . As an example,
we calculate the level of detectability for an unphysically
small optical depth of # = 0.0279. Even for this extreme

FIG. 6: Histogram of the joint estimator ŵ1 coming from 545
3D realization of the dipole modulation model with w1 = 0.2
and " = 0.09. For comparison, the probability distribution
for the isotropic w1 = 0 model from Fig. 4 is also plotted
(smooth curve).

case, values of w1 ! 0.2 are ruled out at the 96.4% CL by
the joint estimator. An intermediate case of # = 0.055
rules out values of w1 ! 0.2 at the 98% CL.

Because most of the signal comes from low multipoles
in the polarization ! # 4 $ 8, the cosmic variance limit
described in the previous section is within the statistical
reach of the Planck satellite. For definiteness we take
the 143 GHz and 217 GHz frequency channels and com-
bine them into an e!ective white noise power spectrum
of NEE

! = (67.6µK-arcmin)2 at low multipoles. Noise in
the temperature field is negligible compared with cosmic
variance. Quantitatively, for a reionization history with
optical depth # = 0.09, and the noise level considered
for Planck, values of w1 ! 0.2 are ruled out at 97.8%
CL by the joint estimator ŵ1. A space-based experi-
ment with no foregrounds, 5 frequency channels and a
noise level of 18µK-arcmin per frequency channel would
essentially saturate the cosmic variance bound in each
channel. Given these results, foregrounds and systemat-
ics will probably be the limiting factor in how well dipole
modulation can be tested by polarization. We leave this
subject to a future work.

Finally, the model spectrum assumes that the tempera-
ture anisotropy comes purely from the Sachs-Wolfe e!ect.
A "CDM model would predict that the ensemble aver-
aged quadrupole has a substantial contribution from the
so-called Integrated Sachs-Wolfe (ISW) e!ect from the
decay of potentials during the acceleration epoch. Under
"CDM, the measured low power quadrupole anisotropy
could indicate that either the ISW contributions to the
quadrupole are by chance small on our sky or that there is
a chance cancellation between the two contributions. Fi-
nally, it could indicate an alternate model of the dark en-
ergy where the ISW contributions are smaller [31, 32, 33]

Dvorkin, Peiris, Hu 2007 

Copi et al. 2013 

TQ statistics 



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 



Parity breaking 
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If fundamental Physics is parity-breaking in the electromagnetic sector, 
there are observational consequences, e.g.: 
 

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

 
These signatures were all tested using Planck data.  
 
Better polarization data can lead to significant improvements 
  



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 exotic/non-standard 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  


