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CONSTRAINTS ON THE PRIMORDIAL SPECTRUM

ns = 0.9655 +/- 0.0062 (PlanckTT+lowP)
0.9645 +/- 0.0049 (PlanckTTTEEE+lowP)
0.9677 +/- 0.0060 (PlanckTT+lowP+lensing)

HZ spectrum excluded at 5.6s in LCDM from PlanckTT+lowP
Strongly disfavoured also in simple extensions (e.g., LCDM+Neff)
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2016 POLARIZATION DATA

New large-scale polarization data has been released in May 2016 
(Planck int. res. XLVI)Planck Collaboration: Planck constraints on reionization history

�z = 0.5), for the various data combinations are:

⌧ = 0.053+0.014
�0.016 , lollipop

5 ; (4)

⌧ = 0.058+0.012
�0.012 , lollipop+PlanckTT ; (5)

⌧ = 0.058+0.011
�0.012 , lollipop+PlanckTT+lensing ; (6)

⌧ = 0.054+0.012
�0.013 , lollipop+PlanckTT+VHL . (7)

We can see an improvement of the posterior width when adding
temperature anisotropy data to the lollipop likelihood. This
comes from the fact that the temperature anisotropies help to fix
other ⇤CDM parameters, in particular the normalization of the
initial power spectrum As, and its spectral index, ns. CMB lens-
ing also helps to reduce the degeneracy with As, while getting
rid of the tension with the phenomenological lensing parameter
AL when using PlanckTT only (see Planck Collaboration XIII
2016), even if the impact on the error bars is small. Comparing
the posteriors in Fig. 6 with the constraints from PlanckTT alone
(see figure 45 in Planck Collaboration XI 2016) shows that in-
deed, the polarization likelihood is su�ciently powerful that it
breaks the degeneracy between ns and ⌧. The impact on other
⇤CDM parameters is small, typically below 0.3� (as shown
more explicitly in Appendix B). The largest changes are for
⌧ and As, where the lollipop likelihood dominates the con-
straint. The parameter �8 shifts towards slightly smaller val-
ues by about 1�. This is in the right direction to help resolve
some of the tension with cluster abundances and weak galaxy
lensing measurements, discussed in Planck Collaboration XX
(2014) and Planck Collaboration XIII (2016); however, some
tension still remains.

Combining with VHL data gives compatible results, with
consistent error bars. The slight shift toward lower ⌧ value (by
0.3�) is related to the fact that the PlanckTT likelihood alone
pushes towards higher ⌧ values (see Planck Collaboration XIII
2016), while the addition of VHL data helps to some extent in
reducing the tension on ⌧ between high-` and low-` polarization.

Fig. 5. Posterior distribution for ⌧ from the various combinations
of Planck data. The grey band shows the lower limit on ⌧ from
the Gunn-Peterson e↵ect.

As mentioned earlier, astrophysics constraints from mea-
surements of the Gunn-Peterson e↵ect provide strong evidence

5In this case only, other⇤CDM parameters are held fixed, including
As exp (�2⌧).

Fig. 6. Constraints on ⌧, As, ns, and �8 for the ⇤CDM cosmol-
ogy from PlanckTT, showing the impact of replacing the lowP
likelihood from Planck 2015 release with the new lollipop
likelihood. The top panels show results without lensing, while
the bottom panels are with lensing.

that the IGM was highly ionized by a redshift of z ' 6. This
places a lower limit on the optical depth (using Eq. 1), which
in the case of instantaneous reionization in the standard ⇤CDM
cosmology corresponds to ⌧ = 0.038.

4.2. Kinetic Sunyaev-Zeldovich effect

The Thomson scattering of CMB photons o↵ ionized elec-
trons induces secondary anisotropies at di↵erent stages of the
reionization process. In particular, we are interested here in
the e↵ect of photons scattering o↵ electrons moving with bulk
velocity, which is called the “kinetic Sunyaev Zeldovich” or
kSZ e↵ect. It is common to distinguish between the “homoge-
neous” kSZ e↵ect, arising when the reionization is complete
(e.g., Ostriker & Vishniac 1986), and “patchy” (or inhomoge-
neous) reionization (e.g., Aghanim et al. 1996), which arises
during the process of reionization, from the proper motion of
ionized bubbles around emitting sources. These two compo-
nents can be described by their power spectra, which can be
computed analytically or derived from numerical simulations. In
Planck Collaboration XI (2016), we used a kSZ template based
on homogeneous simulations, as described in Trac et al. (2011).

In the following, we assume that the kSZ power spectrum is
given by

DkSZ
` = Dh�kSZ

` +Dp�kSZ
` , (8)

whereD` = `(` + 1)C`/2⇡ and the superscripts “h-kSZ” and “p-
kSZ” stand for “homogeneous” and “patchy” reionization, re-
spectively. For the homogeneous reionization, we use the kSZ
template power spectrum given by Shaw et al. (2012) calibrated
with a simulation that includes the e↵ects of cooling and star-
formation (which we label “CSF”). For the patchy reionization
kSZ e↵ect we use the fiducial model of Battaglia et al. (2013).

In the range ` = 1000–7000, the shape of the kSZ power
spectrum is relatively flat and does not vary much with the de-
tailed reionization history. The relative contributions (specifi-
cally “CSF” and “patchy”) to the kSZ power spectrum are shown
in Fig 7 and compared to the “homogeneous” template used in
Planck Collaboration XI (2016), rescaled to unity at ` = 3000.
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Smaller t means less
overall power (thus 
smaller fluctuations)
and less lensing
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ns = 0.9624 +/- 0.0057 (PlanckTT + SIMlow)



CONSTRAINTS ON THE PRIMORDIAL SPECTRUM
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CONSTRAINTS ON THE PRIMORDIAL SPECTRUM

When running of the running is allowed:

ns = 0.9569 +/- 0.077
dns/dlnk = 0.011 +/- 0.014
d2ns/dlnk2 = 0.029 +/- 0.016

Other models with suppression of power at large scales (e.g. exponential
cutoff) fit the data but are not preferred wrt LCDM
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CONSTRAINTS ON TENSOR MODES

Planck TT+lowP+lensing

ns = 0.9688 ± 0.0061

r0.002 < 0.11

(<0.08 with BKP)

Vinf < (1.9 x 1016 GeV)4
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dns/dlnk = 0.013 +/- 0.010

Pt(k) = At

✓
k

k⇤

◆nt+ 1
2dnt/d ln k ln(k/k⇤)

r ⌘ Pt(k⇤)

PR(k⇤)



CONSTRAINTS ON TENSOR MODES
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Planck TT+lowP+BAO:⇤CDM+r+Neff
Planck TT+lowP+BAO:⇤CDM+r

Constraints can be relaxed in extended models
(e.g., r0.002 < 0.20 in LCDM+r+Wk+dns/dlnk)
See Planck 2015 XX
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See also Gerbino, Freese, Vagnozzi, ML, Mena, 
Giusarma, Ho al. 2017 for an analysis focusing on 
neutrino parameters



SINGLE FIELD SLOW-ROLL INFLATION

Planck TT+lowP+lensing

ns = 0.9688 ± 0.0061

r0.002 < 0.11

Vinf < (1.9 x 1016 GeV)4



SINGLE FIELD SLOW-ROLL INFLATION

Planck TT+lowP+lensing

ns = 0.9688 ± 0.0061

r0.002 < 0.11

Vinf < (1.9 x 1016 GeV)4

Monomial models 
(V(f)  ~ fn) with 
n>2 are disfavoured

Model that predict 
smaller tensor-to-
scalar ratio (e.g. R2

inflation) are favoured

(but can be rescued by
non-minimal coupling)



SINGLE FIELD SLOW-ROLL INFLATION
18 Planck Collaboration: Constraints on inflation

↵ attractors

We now study two classes of inflationary models motivated by
recent developments in conformal symmetry and supergravity
(Kallosh et al., 2013). The first class has been motivated by con-
sidering a vector rather than a chiral multiplet for the inflaton in
supergravity (Ferrara et al., 2013a) and corresponds to the po-
tential (Kallosh et al., 2013)

V(�) = ⇤4
✓

1 � e�
p

2�/(
p

3↵Mpl)
◆2
. (56)

To lowest order in the slow-roll approximation, these models
predict r ⇡ 64/[3↵(1 � e

p
2�/(
p

3↵Mpl))2] and ns � 1 ⇡ �8(1 +
e
p

2�/(
p

3↵Mpl))/[3↵(1 � e
p

2�/(
p

3↵Mpl))2] on an inflationary trajec-
tory characterized by N ⇡ g(�/Mpl) � g(�end/Mpl) with g(x) =
(3↵4e

p
2x/(
p

3↵) � p6↵x)/4. The relation between N and � can be
inverted through the use of the Lambert functions, as done for
other potentials (Martin et al., 2014). By sampling log10(↵2) on
a flat prior [0, 4], we obtain log10(↵2) < 1.7 (2.0) at 95 % CL
and a Bayes factor of �1.8 (�2) for wint = 0 (for wint allowed to
vary).

The second class of models has been called super-conformal
↵ attractors (Kallosh et al., 2013) and can be seen as originat-
ing from a different generating function with respect to the first
class. This second class is described by the following potential
(Kallosh et al., 2013):

V(�) = ⇤4 tanh2m
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C
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This is the simplest class of models with spontaneous breaking
of conformal symmetry, and for ↵ = m = 1 reduces to the origi-
nal model introduced by Kallosh & Linde (2013). The potential
in Eq. (57) leads to the following slow-roll predictions (Kallosh
et al., 2013):

r ⇡ 48↵m
4mN2 + 2Ng(↵,m) + 3↵m

, (58)

ns � 1 ⇡ �8mN � 6↵m + 2Ng(↵,m)
4mN2 + 2Ng(↵,m) + 3↵m

, (59)

where g(↵,m) =
p

3↵(4m2 + 3↵). The predictions of this second
class of models interpolate between those of a large-field chaotic
model, V(�) / �2m, for ↵ � 1 and the R2 model for ↵ ⌧ 1.

For ↵ we adopt the same priors as the previous class in
Eq. (56). By fixing m = 1, we obtain log10(↵2) < 2.3 (2.5) at
95 % CL and a Bayes factor of �2.3 (�2.2) for wint = 0 (when
wint is allowed to vary). When m is allowed to vary as well with
a flat prior in the range [0, 2], we obtain 0.02 < m < 1 (m < 1)
at 95 % CL for wint = 0 (when wint is allowed to vary).

Non-minimally coupled inflaton

Inflationary predictions are quite sensitive to a non-minimal cou-
pling, ⇠R�2, of the inflaton to the Ricci scalar. One of the most
interesting effects due to ⇠ , 0 is to reconcile the quartic poten-
tial V(�) = ��4/4 with Planck observations, even for ⇠ ⌧ 1.

The Higgs inflation model (Bezrukov & Shaposhnikov,
2008), in which inflation occurs with V(�) = �(�2 � �2

0)2/4 and
⇠ � 1 for � � �0, leads to the same predictions as the R2 model
to lowest order in the slow-roll approximation at tree level (see

Table 6. Results of the inflationary model comparison. We pro-
vide ��2 with respect to base ⇤CDM and Bayes factors with
respect to R2 inflation.

Inflationary model ��2 ln B0X

wint = 0 wint , 0 wint = 0 wint , 0

R + R2/(6M2) +0.8 +0.3 . . . +0.7
n = 2/3 +6.5 +3.5 �2.4 �2.3
n = 1 +6.2 +5.5 �2.1 �1.9
n = 4/3 +6.4 +5.5 �2.6 �2.4
n = 2 +8.6 +8.1 �4.7 �4.6
n = 3 +22.8 +21.7 �11.6 �11.4
n = 4 +43.3 +41.7 �23.3 �22.7
Natural +7.2 +6.5 �2.4 �2.3
Hilltop (p = 2) +4.4 +3.9 �2.6 �2.4
Hilltop (p = 4) +3.7 +3.3 �2.8 �2.6
Double well +5.5 +5.3 �3.1 �2.3
Brane inflation (p = 2) +3.0 +2.3 �0.7 �0.9
Brane inflation (p = 4) +2.8 +2.3 �0.4 �0.6
Exponential inflation +0.8 +0.3 �0.7 �0.9
SB SUSY +0.7 +0.4 �2.2 �1.7
Supersymmetric ↵-model +0.7 +0.1 �1.8 �2.0
Superconformal (m = 1) +0.9 +0.8 �2.3 �2.2
Superconformal (m , 1) +0.7 +0.5 �2.4 �2.6

Barvinsky et al. (2008) and Bezrukov & Shaposhnikov (2009)
for the inclusion of loop corrections). It is therefore in agree-
ment with the Planck constraints, as for the first cosmological
data release (PCI13).

Let us summarize our findings for Planck lowP+BAO:

– Monomial potentials with integer n > 2 are strongly dis-
favoured with respect to R2.

– The Bayes factor prefers R2 over chaotic inflation with
monomial quadratic potential by odds of 110:1 under the
assumption of a dust equation of state during the entropy
generation stage.

– R2 inflation has the strongest evidence among the models
considered here. However, care must be taken not to overin-
terpret small differences in likelihood lacking statistical sig-
nificance.

– The models closest to R2 in terms of evidence are brane infla-
tion and exponential inflation, which have one more param-
eter than R2. Both brane inflation considered in Eq. (51) and
exponential inflation in Eq. (52) approximate the linear po-
tential for a large portion of parameter space (for µ/Mpl � 1
and q � 1, respectively). For this reason these models have
a higher evidence (although not at a statistically significant
level) compared to those approximate a quadratic potential,
as do ↵-attractors, for instance.

– In the models considered here, the ��2 obtained by allowing
w to vary is modest, i.e., less than approximately 1.6 (with re-
spect to wint = 0). The gain in the logarithm of the Bayesian
evidence is even smaller, since an extra parameter is added.

7. Reconstruction of the potential and analysis

beyond slow-roll approximation

In the previous section, we derived constraints on several types
of inflationary potentials, assumed to account for the inflaton dy-
namics between the time at which the largest observable scales

DlnB0X = 2.3
corresponds to 
odds of 10:1
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Gerbino et al. 2017



POTENTIAL RECONSTRUCTION BEYOND SR

With more freedom in the potential, 
an initial phase of “marginal slow 
roll” still fits the data and allows for 
a larger tensor-to-scalar ratio.

However, statistical significance is 
low – no higher order derivatives 
are needed
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PPS RECONSTRUCTION
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No deviations from a smooth
power law except around k ~
0.002 Mpc-1

The deviations, however, are
not statistically significant (less
than 2s level)

Similar results obtained with
different methods.



ADIABATICITY OF INITIAL CONDITIONS
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Adiabatic initial conditions are strongly 
favoured (DlnB < - 5 for nearly all models 
and data combinations)

Isocurvature fractions are constrained to 
be below the ~ few percent level
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SUMMARY

no running

purely adiabatic

Planck data are consistent with purely 
adiabatic initial scalar pertubations
with a nearly scale-invariant power-
law spectrum

Consistent with single-field slow-roll 
inflation

No evidence for

- isocurvature modes

- running of the spectral index

- primordial non-gaussianities

- features in the primordial PS
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