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Outline

Introduction and highlights of the Planck 2015 results for inflation

Probing primordial features with future galaxy surveys 

M. Ballardini, FF, C. Fedeli, L. Moscardini, JCAP 1016, (2016)

Perspectives for the physics of inflation with future CMB experiments 

CORE collaboration; Exploring Cosmic Origins with CORE: Inflation, arXiv:1612.08270

 Planck 2015 results. XX. Constraints on inflation, Astron. Astrophysics 594 (2016) A20
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Cosmic Inflation

Minimal early universe framework which solves puzzles of the Standard Big Bang model such as the 
flatness, horizon and monopole problems.

A standard scalar field with a potential which supports slow-roll inflation is the simplest example. 
Necessary conditions are:

✏V =
M2

plV
2
�

2V 2
<< 1 , ⌘V =

M2
plV��

V
<< 1
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Generation of fluctuations

Tensor perturbations 
(gravitational waves)

Scalar perturbations 

r =
Pt(k⇤)

PR(k⇤)
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Inflation solves the puzzles of the Standard Big Bang model and at the same time generates the 
primordial spectra of gravitational waves and of density perturbations by quantum fluctuations.



Planck 2015 results and inflation

A nearly flat Universe (incl. Planck lensing)

Small relative amount of gravitational waves 

A tilted power-law spectrum for density perturbations

No statistical evidence of scale dependence of ns 

Nearly Gaussian perturbations (incl. polarization)

68%CL

95%CL

68%CL

95%CL

68%CL

No need for additional fields: nearly adiabatic fluctuations 95%CL

95%CL

dns/d ln k = �0.0084± 0.0082

ns = 0.9655± 0.0062

⌦K = �0.005+0.016
�0.017

f local

NL

= �0.8± 5.0

f equil
NL = �3.7± 43

fortho

NL

= �26± 21

�
iso

< 0.035

f10 < 0.020No evidence of cosmic strings

r0.002 < 0.10

(Gµ < 1.8 10�7 95%CL)
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Inflationary models & Planck 2015
V (�) = ⇤

4
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 Planck 2015 results. XX. Constraints on inflation, Astron. Astrophysics 594 (2016) A20



Inflationary models incl. BKP joint analysis

PRL 114 (2015) 101301 

r < 0.12 at 95%CL

Same constraint as 
Planck 2013 + high-l 
but NOW from BB alone!

r < 0.08 at 95%CL
Planck TT + lowP + BKP 

When including BKP quadratic potential and 
natural inflation also strongly disfavored.

The preference of concave over convex 
potentials is increased.
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V 1/4 . 1.8⇥ 1016GeV (95%CL)

 Planck 2015 results. XX. Constraints on inflation, A & A 594 (2016) A20



The constraint on r had been tightened by the latest release of Bicep 2/Keck Array including the Keck 
Array 95 GHz channel to r005 <  0.07 at 95 % CL (Ade et al., BICEP 2 and Keck Array collaborations, 
Phys.Rev.Lett. 116 (2016) 031302 ) and the previous conclusions are further strengthened.
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A test for the tensor consistency condition 

�2 0 2

nt

0.
0

0.
2
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r 0
.0
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Planck TT+lowP+BAO

Planck TT,TE,EE+lowP

+BKP

+BKP
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�0.38 < nt < 2.6 (95%CL)

nt = �r/8

 Planck 2015 results. XX. Constraints on inflation, Astron. Astrophysics 594 (2016) A20
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Search for parametrized features in the power spectrum 

Non vacuum initial conditions/instanton effects 
in axion monodromy (log wiggles)

Step in the potential:
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Short stage of inflation preceded by a kinetic 
stage 

Linear oscillations as from Boundary EFT (linear 
wiggles)
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Bayesian & frequentist analysis 

None of the models considered is statistically preferred to the baseline model 
The improvement in the fit seems does is not statistically anomalous.
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Reconstruction of the primordial power spectrum
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Reconstruction of the primordial power spectrum (2)
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Reconstruction of the primordial power spectrum (3)
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Planck 2015 results. XVII. Constraints on primordial non-Gaussianity, 
Astron. Astrophysics 594 (2016) A17, Fig. 24

Chen, Easther, Lim, JCAP 0804 (2008)

Bispectrum
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Chluba, Hamann, Patil,  IJMPD 24 (2015) 1530023

CMB Polarization 
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CMB Polarization (2) 
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Planck intermediate results XLVII. Planck constraints on reionization history
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Dodelson et al., arXiv:1309.5386 (2013)

Future Large Scale Structure Surveys
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Probing primordial features with future galaxy surveys  

We consider four current best-fits for models with parametrized features presented in Planck 2015. XX. 
Constraints on Inflation.

We use a combined Fisher approach for CMB and the expected clustering power spectrum (conservatively 
to linear scales, i.e. k < 0.1 Mpc-1 ) from three future galaxy surveys as DESI, Euclid (spectroscopic survey) 
and SphereX to forecast the uncertainties on feature parameters and on the cosmological parameters.

Ballardini, FF, Fedeli, Moscardini, JCAP 1610 (2016) 041

http://spherex.caltech.edu/

http://sci.esa.int/euclid/

http://desi.lbl.gov/
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Models  

Discontinuity in the first 
derivative of the potential

V (�) =

(
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.

Analytic approximation for the power spectrum 
(Starobinsky, 1993).
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Step in the potential

Second-order analytic approximation 
for the power spectrum (Miranda & Hu, 2014)

(Adams, Cresswell & Easther, 2003)

Logarithmic wiggles
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Imprints in the CMB  

�2� lnL
max

Planck TT + lowP

Planck 2015 results. XX. Constraints on inflation 
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Exponential cut-off           -3.4
Discontinuity in V’            -4.5
Step in the potential         -8.6
Logarithmic wiggles       -10.6
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Imprints in the Matter Power Spectrum 

Exponential cut-off 

Discontinuity in the first 
derivative of the potential

Step in the potential

Baseline

Logarithmic wiggles
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Few analysis pre-Planck (Huang, Verde 
and Vernizzi, 2009; Gibelyou, Huterer & 
Fang, 2010) and post-Bicep 2 (Hazra, 
Shafieloo, Smoot and Starobinsky, 2014) 
with different parameters producing 
very large features, which would be 
ruled out by Planck 2015 data.  Analysis 
more similar to Chen, Dvorkin, Huang, 
Namjoo, Verde, JCAP 1611 (2016) 014.
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Logarithmic wiggles

Constraints from LSS surveys alone can 
be tighter than those from CMB for 
these type of features appearing on all 
scales (global features).

Combined constraints from CMB and LSS 
could detect wiggles with amplitude 
smaller than the current Planck best-fits.

Dashed: combined with CMB
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Step in the potential

Ast corresponds to the amplitude of the feature
kst corresponds to the scale
xst is connected to the width of the feature

Dashed: combined with CMB

Future galaxy surveys will be of key 
importance also for this type of features 
on large scales, i.e. k approximately few 
in 10-3 Mpc-1. However, these large 
scales are at the boundary of the 
redshift volume probed by the surveys 
considered. 

Other future photometric or radio 
surveys will probe even larger volumes 
and will be more relevant for these type 
of features (Ballardini et al. 2017).
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Ongoing and future CMB experiments

• Ground: BICEP 3,  QUIJOTE, Polarbear/Simons Array,  
ACTPol, SPT-3G, ABS, CLASS, Simons Observatory, S4

• Balloon: EBEX, Spider, LSPE  

• Space: LiteBird (phase A), Pixie, CORE 



SPTpol Collaboration: Henning et al. , arXiv:1707.09353



J. Errard — measuring - r — Firenze 2017

Recent history of direct BB detection
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Courtesy J. Errard



Exploring Cosmic Origins with CORE: gravitational lensing of the CMB, A. Challinor et al., JCAP (2017)



LambdaCDM with future CMB experiments
Improvement 
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Exploring Cosmic Origins with CORE: Inflation, F. Finelli et al., arXiv:1612.08270 , in press on JCAP (2017)

CMB-S4 Science Book, First Edition, CMB-S4 Collaboration, K. N. Abazajian et al. arXiv:1610.02743 



The scalar spectral index and its scale dependence

�(ns) = 0.0014 (CORE TEP) ns = 0.9653± 0.0048 (68% CL, Planck 2015 TEP)
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Planck 2015

LiteBIRD

CORE-M5

dns/d ln k = �0.0023± 0.0067 (68% CL, Planck 2015 TEP)

�(dns/d ln k) = 0.0023 (CORE TEP)

Sensitivity to the running of the scalar spectral index will improve approximatively by a factor 3. 
This uncertainty is still larger than the value of the running in the standard slow-roll inflationary 
models which are currently favoured,                                                              . The typical values 
predicted by slow-roll will be reached by CORE in  combination with future galaxy surveys (see 
Munoz et al. for a similar study applied to S4).  

dns/d ln k ⇠ (ns � 1)2/2 ⇠ 0.0008

In the LambdaCDM model:

 Exploring Cosmic Origins with CORE: Inflation
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The scalar spectral index and its scale dependence (2)

PR(k) = As
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The interest in the so-called running of running the spectral index has grown with the Planck 
release since a combination of running and running of running can fit the low amplitude at low 
multipoles. 

�(d2ns/d ln k
2) = 0.0046 (CORE TEP) d2ns/d ln k

2 = 0.025± 0.013 (68%CL, Planck 2015 TE)

dns/d ln k = 0.0153± 0.0025 (68%CL, CORE TEP)

d2ns/d ln k
2 = 0.0261± 0.0045 (68%CL, CORE TEP)

��2 ' �4.9

 Exploring Cosmic Origins: Inflation

Exponential cut-off 
Discontinuity in the first derivative of the potential
Step in the potential
Logarithmic wiggles
Running of the running



Inflationary Models with CORE

LiteBIRD 

CORE (incl. delensing) 

Planck 2015 + BKP 
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CMB-S4 Science Book, First Edition, CMB-S4 Collaboration, K. N. Abazajian et al. arXiv:1610.02743 



Beyond the tensor-to-scalar ratio r
What happens if we relax the consistency condition for the tensor tilt n = - r / 8 motivated by 
inflation driven a canonical scalar field during slow-roll?
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L = P (�, X)
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c2s =
P,X

P,X + 2XP,XX

DBI:

X = �gµ⌫@µ�@⌫�/2

L = X � V (�)
Galileon-like action, Horndeski theories

 Exploring Cosmic Origins: Inflation
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CORE collaboration; Exploring Cosmic Origins with CORE: Inflation, F. Finelli et al., arXiv:1612.08270, JCAP (2017)



Planck is a 
project of the 

European Space 
Agency, with 
instruments 

provided by two 
scientific 

Consortia funded 
by ESA member 

states (in 
particular the 

lead countries: 
France and Italy) 

with 
contributions 
from NASA 
(USA), and 
telescope 
reflectors 

provided in a 
collaboration 

between ESA and 
a scientific 

Consortium led 
and funded by 

Denmark. 

X name "The talk" 
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The scientific results that we present today are a product of 
the Planck Collaboration, including individuals from more 
than 100 scientific institutes in Europe, the USA and Canada.   


