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Spectral lines from faraway galaxies are redshifted: Doppler effect

Galaxies get away from each other

Velocity proportional to distance

A dynamical universe



Expanding space

The distance between observers “at rest” is increasing in time:

Back in the past everything was denser and hotter

Speed of expansion much faster back then

Space(time) dynamics described by General Relativity. Depends on matter:
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Cosmic Microwave Background

T > 3000 K: Photon/nuclei plasma - Recombination

Last scattering 
surface:



First detection

The 20 foot Horn-Reflector 
Penzias and Wilson 1965:     T ~ 3 K



COBE (1992)





WMAP (2009)





Planck (2013)



Acoustic oscillations: gravity + pressure in 
the cosmic plasma with inflationary initial 
conditions 

Acoustic oscillations



Initial seeds

Inhomogeneities are acoustic oscillation due to some initial (primordial) seeds

Homogeneities then grow to give rise to all the structures we see



Chronology of the universe



What is the origin of these primordial seeds ?



•  Initial homogeneity: r(x) and p(x) are remarkably homogeneous in the past 
  and later amplified by gravity.

Why did it start so homogenoeus?
 

•  Initial velocities: tuned choice of initial velocity to avoid immediate recollapse
  or dilution

Why did it last so long?

The Universe appears to have very finely tuned initial conditions

The Cauchy problem of the Universe



Horizon and flatness problems

How comes unrelated spots are 
so much correlated ?
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Cosmic inflation:
Starobinsky 80; Guth 81; 

Linde 82, 83; Albrecht, Steinhardt 82

Expansion (distance)

ä > 0



(Slow-roll) inflation

friction is dominant

Hubble rate



Inflation as slowly decreasing vacuum energy, which knows when to end: a clock

This clock has quantum fluctuations that behave as harmonic oscillators

initial potential final potential

~ 6= 0

We believe QM sets up the initial conditions of the Universe



With the new cosmology the universe must have started off in 
some very simple way. What, then, becomes of the initial 
conditions required by dynamical theory? Plainly there 
cannot be any, or they must be trivial. We are left in a 
situation which would be untenable with the old mechanics. If 
the universe were simply the motion which follow from a given 
scheme of equations of motion with trivial initial conditions, it 
could not contain the complexity we observe. Quantum 
mechanics provides an escape from the difficulty. It 
enables us to ascribe the complexity to the quantum 
jumps, lying outside the scheme of equations of motion.

An old idea



New chronology of the universe



Standard model

0. Composition of the universe:                                               (1% level)

Background:



Standard model

0. Composition of the universe:                                               (1% level)

1. Initial fluctuations are primordial

Background:

Perturbations; what we see:



Causality à Primordial

Spergel, Zaldarriaga 97

Correlation outside horizon
at recombination

Polarization cannot be 
generated afterwards



Standard model

0. Composition of the universe:                                               (1% level)

1. Initial fluctuations are primordial

2. Amplitude

3. Tilt

Background:

Perturbations; what we see:

ns � 1 = �0.0348± 0.0047 (& 7�)

As = (2.14± 0.05)⇥ 10�9



Spectral tilt

More power on large scales



de Sitter SO(4,1)

Inflation takes place in ~ dS

•  Translations, rotations 

•  Dilations 

    à scale-invariance

( assuming approximate φ  à  φ + c ) 



Standard model

0. Composition of the universe:                                               (1% level)

1. Initial fluctuations are primordial

2. Amplitude

3. Tilt

Background:

Perturbations; what we see:

ns � 1 = �0.0348± 0.0047 (& 7�)

As = (2.14± 0.05)⇥ 10�9

5. No gravitational waves: < 10%

4. No fluctuations in composition: < 1%

Perturbations; what we do not see:



E and B - modes

At each point 
polarization of CMB is Iij

  
Stokes parameters 

Q = (I11-I22)/4 
U = I12/2

Equivalently info is encoded in E 
(scalar) and B (pseudoscalar)

B-modes are not generated by 
scalar perturbations: 
smoking gun of GWs

Kamionkowski etal 97    Seljak, Zaldarriaga 97



The new era of B-modes

•   Amazing improvement in 
exp sensitivity

ΔP ~ 3 µΚ arcmin
(Planck ΔP ~ 45 µΚ arcmin)

 

•   Theoretically motivated 
region





Dust under the carpet

BICEP2/Keck + Planck:
signal is compatible with being only 

dust
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FIG. 5. Likelihood results on r for several intermediate steps
between the BKP (previous) and BK14 (current) analyses.
See text for details.

perature anisotropies. In Fig. 7 we reproduce Ref. [2]’s
result in the r vs. ns plane, and show the e↵ect of adding
in our BK14 B-mode data. The allowed region tightens
and the joint result is r

0.05 < 0.07 (95%), although as
emphasized in Ref. [2] the TT derived constraints on r
are more model dependent than BB ones.

Fig. 8 compares signal levels and current noise uncer-
tainties in the critical ` ⇠ 80 bandpower (updated from
Fig. 13 of BKP). A second season of 95GHz Keck Array

data has already been recorded (in 2015) and will push
the 95 ⇥ 95 point down by factor 2. During 2015 two
receivers were also operated in a third band centered on
220GHz, producing deep maps which will improve dust
separation. This 2015 data is under analysis and will
be reported on in a future paper. In addition, BICEP3
began operations in 2015 in the 95GHz band.

In this paper, we have presented an analysis of all BI-
CEP2/Keck data up through the 2014 season, adding,
for the first time, 95GHz data from the Keck Array.
We have updated our multi-frequency likelihood anal-
ysis with a more extensive foreground parameteriza-
tion and the inclusion of external data from the 23 &
33 GHz bands of WMAP, in addition to all seven po-
larized bands of Planck. The baseline analysis yields
r
0.05 = 0.028+0.026

�0.025 and r
0.05 < 0.09 at 95% confidence,

constraints that are robust to the variations explored
in analysis and priors. With this result, B-modes now
o↵er the most powerful limits on inflationary gravita-
tional waves, surpassing constraints from temperature
anisotropies and other evidence for the first time. With
upcoming multifrequency data the B-mode constraints
can be expected to steadily improve.
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FIG. 6. Spectral decomposition of the BB data into syn-
chrotron (red), CMB (black) and dust (blue) components.
The decomposition is calculated independently in each band-
power, marginalizing over �d, �s, and ✏ with the same priors
as the baseline analysis. Error bars denote 68% credible in-
tervals, with the point marking the most probable value. If
the 68% interval includes zero, we also indicate the 95% up-
per limit with a downward triangle. (For clarity the sets of
points are o↵set horizontally.) The solid black line shows
lensed-⇤CDM with the dashed line adding on top an r = 0.05
tensor contribution. The blue curve shows a dust model con-
sistent with the baseline analysis (Ad,353 = 4.3µK2, �d = 1.6,
↵d = �0.4).
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B-modes search is ongoing by many experiments:


• Ground based telescopes: ACTpol/AdvACT, CLASS, Keck/BICEP3, 
Qubic, Quijote, Polarbear, Simons Array, Spud, SPTpol/-3G; 

• Balloon experiments: EBEX, Lspe, SPIDER, PIPER; 
•  Future satellite missions: CMBPol, Pixie (NASA), EPIC (NASA), LiteBIRD 

(KEK), CoRE+ (ESA).

r = 0.001 achievable even with ground-based and baloon borne experiments
( 100 smaller than than background )

Huge experimental effort



Tensor to scalar ratio

Tensors:

Scalar:

� =
1
2
MPl
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Tensors are suppressed 
wrt to scalars

BICEP2/Keck/Planck:

r = 16�

S =
1
2

Z
dtd3x

⇥̇2

H2

h
a3�̇2 � a(⇤�)2

i

S =
M2

Pl

8

Z
dtd3x

h
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r < 0.07 95% C.L.



Robust signature

•  It is easy to play with scalar perturbations: 

1.   choice of potential
2.   many scalars (effects on late Universe)
3.   speed of propagation cS

•  It is not easy to play with gravity ! GWs are direct probes of H



A proof of inflation?

Galilean Genesis

a(t)

H(t)

ReheatingGenesis Radiation dom

t

Minkowski

a=1

PC, Nicolis, Trincherini 10 

SO(4,2) à SO(4,1) Scale invariant scalar perturbations

No gravitational waves!  



Observable GWs ( r > 0.001 ) require GUT-scale energies

•    Energy scale of inflation

Touching the sky

•  Lyth's bound :
Lyth 96 

�� & 5 MPl ⇥
⇣ r

0.2

⌘1/2

Observable GWs implies Transplanckian displacement

UV sensitivity, connection with Gravity UV completion



The plane



Mountains or hills ?

Around a minimum 
all functions look 

        the same…
V =

1
2
m2�2

This is now ruled out experimentally

Landscape:



Standard model

0. Composition of the universe:                                               (1% level)

1. Initial fluctuations are primordial

2. Amplitude

3. Tilt

Background:

Perturbations; what we see:

ns � 1 = �0.0348± 0.0047 (& 7�)

As = (2.14± 0.05)⇥ 10�9

5. No gravitational waves: < 10%

4. No fluctuations in composition: < 1%

Perturbations; what we do not see:

6. No departures from Gaussianity: < 0.1-0.01%



Non-Gaussianity

3-point function



Non-Gaussianity = interactions

Probe of interactions during inflation:

Quantum harmonic oscillator ⇒ Gaussian fluctuations

Current constraints (Planck 2015):

h⇣⇣⇣i
h⇣⇣i3/2

⇠ fNLh⇣⇣i1/2 . 10�3 ÷ 10�4



Slow-roll = weak coupling = Gaussian

⇤ � V (4) . O(�3, ⇥3)(10�5)2 Compare with Higgs!

fNL ⇠ ✏



• Derivative interactions may be relevant (~ Goldstone).  E.g. 

Single - field

• General result: absence of NG in the squeezed limit

•  Equilateral NG:   fNL
eq



Effective Field Theory of Inflation

Parametrizes the most general dynamics 
compatible with symmetries

Planck Collaboration: Planck 2015 Results. Constraints on primordial NG

Table 31. Biases for local NG parameters at first and sec-
ond order f local

NL , glocal
NL obtained with Minkowski Functionals on

SMICA in temperature and polarization. Parameters are estimated
jointly, and we report marginalized results. For the correspond-
ing error (on one map), see Table 30.

� f local
NL �glocal

NL (⇥104)

T T + E T T + E

SMICA
SZ . . . . . . . . . . . 0.0 �0.3 2.3 1.1

CIB . . . . . . . . 0.7 0.5 �6.8 3.4

Galaxy . . . . . . �0.1 �0.2 �1.2 3.1

PS . . . . . . . . . 0.1 0.2 2.2 1.2

Lensing . . . . . . . 16.5 10.0 63.1 40.4

11. Implications for early Universe physics

The NG constraints obtained in this paper show consis-
tency of Planck data with Gaussian primordial fluctua-
tions, thus confirming the results obtained in the 2013 re-
lease Planck Collaboration XXIV (2014) and improving them
through the inclusion of CMB polarization data. The standard
single-field slow-roll models of inflation have therefore been
confirmed as a viable scenario for inflation, passing one of
their most stringent tests based on lack of measurable devia-
tion from Gaussianity. The constraints obtained on local, equi-
lateral and orthogonal NG, after accounting for various contam-
inants, strongly limit di↵erent mechanisms proposed as alterna-
tives to the standard inflationary models to explain the seeds of
cosmological perturbations. Measurements on deviations from
Gaussianity for other primordial bispectral shapes help to shed a
light into more subtle e↵ects about the detailed physics of infla-
tion.

As in Planck Collaboration XXIV (2014), in the following
we derive limits on parameters of the models from the NG con-
straints in the following way (unless explicitly stated otherwise):
we construct a posterior based on the assumption that the sam-
pling distribution is Gaussian (as supported by Gaussian simu-
lations); the likelihood is approximated by the sampling distri-
bution but centred on the NG estimate (see Elsner & Wandelt
2009); we employ uniform or Je↵reys’ priors, over intervals
of the parameters values which are physically meaningful, or
as otherwise stated. In the cases when two or more parame-
ters are involved, we marginalize the posterior to provide one-
dimensional constraints on the parameter considered.

11.1. General single-field models of inflation

DBI models: DBI models of inflation (Silverstein & Tong 2004;
Alishahiha et al. 2004), characterized by a non-standard kinetic
term of the inflaton field, predict a nonlinearity parameter f DBI

NL =

�(35/108)(c�2
s � 1), where cs is the sound speed of the in-

flaton perturbations (Silverstein & Tong 2004; Alishahiha et al.
2004; Chen et al. 2007b). The corresponding bispectrum shape
is very close to the equilateral shape. Nonetheless we have con-
strained the exact theoretical (nonseparable) shape (see Eq. (7)
of Planck Collaboration XXIV 2014). The constraint we obtain
f DBI
NL = 2.6±61.6 from temperature data ( f DBI

NL = 15.6±37.3 from
temperature and polarization) at 68 % CL (with ISW-lensing and

point sources subtracted, see Table 23) implies

cDBI
s � 0.069 95 % CL (T-only) , (77)

and
cDBI

s � 0.087 95 % CL (T+E) . (78)

In Planck Collaboration XXIV (2014) we constrained the so-
called infrared (IR) DBI models (Chen 2005b,a), which arise
in string frameworks. We focused on a minimal setup, consid-
ering a regime where stringy e↵ects are negligible and predic-
tions for primordial perturbations are built within standard field
theory. In the companion paper Planck Collaboration XX (2015)
we present an analysis of a more general class of IR DBI models
which accounts for stringy signatures (see Bean et al. 2008) by
combining Planck power spectrum and bispectrum constraints.

Implications for E↵ective Field Theory of Inflation: In this sub-
section we use the e↵ective field theory approach to inflation in
order to translate the contraints on f equil

NL and f ortho
NL into limits on

the parameters of the Lagrangian of general single-field models
of inflation (of the type P(X,') models). In particular we derive
the most conservative bound on the sound speed of the inflaton
perturbations for this class of models.

The e↵ective field theory approach (Cheung et al. 2008;
Weinberg 2008) provides an e�cient way to constrain inflation-
ary perturbations for various classes of models that incorporate
deviations from the standard single-field slow-roll scenario. In
this approach the Lagrangian of the system is expanded into
the (lowest dimension) operators obeying the underlying sym-
metries. We consider general single-field models described by
the following action

S =
Z

d4x
p�g

2

6

6

6

6

4

�M2
PlḢ
c2

s

 

⇡̇2 � c2
s

(@i⇡)2

a2

!

(79)

� M2
PlḢ(1 � c�2

s )⇡̇
(@i⇡)2

a2 +

 

M2
PlḢ(1 � c�2

s ) � 4
3

M4
3

!

⇡̇3
#

where the curvature perturbation is related to the scalar field ⇡
as ⇣ = �H⇡. The inflaton interaction terms ⇡̇(@i⇡)2 and (⇡̇)3

generate two kind of bispectra with amplitudes, respectively,
f EFT1
NL = �(85/324)(c�2

s � 1) and f EFT2
NL = �(10/243)(c�2

s �
1)

h

c̃3 + (3/2)c2
s

i

, where cs is the inflaton fluctuations sound
speed, and M3 is the amplitude of the operator ⇡̇3 (Senatore et al.
2010, see also Chen et al. 2007b; Chen 2010b). These two
bispectra both peak for equilateral triangles in Fourier space.
Nevertheless, they are su�ciently di↵erent and the total NG sig-
nal turns out to be a linear combination of the two, leading also
to an orthogonal shape. We put constraints on cs and the dimen-
sionless parameter c̃3(c�2

s � 1) = 2M4
3c2

s/(ḢM2
Pl) (Senatore et al.

2010). Notice that DBI inflationary models corresponds to hav-
ing c̃3 = 3(1�c2

s )/2, while cs = 1 and M3 = 0 (or c̃3(c�2
s �1) = 0)

represent the non-interacting (vanishing NG) case.
The mean values of the estimators for f equil

NL and f ortho
NL are

expressed in terms of cs and c̃3 by

f equil
NL =

1 � c2
s

c2
s

h

�0.275 � 0.0780c2
s � (2/3) ⇥ 0.780c̃3

i

f ortho
NL =

1 � c2
s

c2
s

h

0.0159 � 0.0167c2
s � (2/3) ⇥ 0.0167c̃3

i

. (80)

Here the coe�cients come from the Fisher matrix between the
equilateral and orthogonal templates and the theoretical bispec-
tra predicted by the two operators ⇡̇(r⇡)2 and ⇡̇3. We use a
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Fig. 23. 68 %, 95 %, and 99.7 % confidence regions in the param-
eter space ( f equil

NL , f ortho
NL ), defined by thresholding �2 as described

in the text.
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Fig. 24. 68 %, 95 %, and 99.7 % confidence regions in the single-
field inflation parameter space (cs, c̃3), obtained from Fig. 23 via
the change of variables in Eq. (80).

�2 statistic given by �2(c̃3, cs) = uT (c̃3, cs)C�1u(c̃3, cs), where
vi(c̃3, cs) = f i(c̃3, cs) � f i

P (i={equilateral, orthogonal}), f i
P be-

ing the joint estimates of equilateral and orthogonal fNL (see
Table 11), C the covariance matrix of the joint estimators and
f i(c̃3, cs) is provided by Eq. (80). As an example in Fig. 23
we show the 68 %, 95 %, and 99.7 % confidence regions for
f equil
NL and f ortho

NL obtained from the T + E constraints, requiring

�2  2.28, 5.99, and 11.62 respectively, corresponding to a �2

variable with two degrees of freedom. In Fig. 24 we show the
corresponding confidence regions in the (c̃3, cs) parameter space.
Marginalizing over c̃3 we find

cs � 0.020 95 % CL (T-only) , (81)

and
cs � 0.024 95 % CL (T+E) . (82)

The constraints improve by a few % in T-only and by up to
25 % by including polarization, in comparison with those of
Planck Collaboration XXIV (2014).

Galileon models of inflation
Galileon models of inflation (Burrage et al. 2011;

Kobayashi et al. 2010; Mizuno & Koyama 2010;
Ohashi & Tsujikawa 2012) are well motivated models based
on the so called “Galilean symmetry” (Nicolis et al. 2009).
They are characterized by stability properties that are quite
well understood (ghost-free, stable against quantum correc-
tions) and can arise naturally within fundamental physics
setups (de Rham & Gabadadze 2010b,a). Moreover they are an
interesting example of models where gravity is modified on
large scales and we focus on them also as a typical example
of a more general class of modified gravity theories which is
ghost-free (the so called Horndesky theories (Horndeski 1974)).
The predictions for the primordial perturbations are very rich.
Bispectra can be generated with the same shapes as the “EFT1”
and “EFT2” bispectra (see also discussion in Creminelli et al.
2011), however the amplitude(s) scale with the fluctuation
sound speed as c�4

s , di↵erently from the general single-field
models of inflation considered in the above subsection. They
can be written as (at the lowest-order in slow-roll parameters)

f EFT1
NL =

17
972

 

� 5
c4

s
+

30
c2

s
� 40

csc̄s
+ 15

!

(83)

f EFT2
NL =

1
243

 

5
c4

s
+

30/A � 55
c2

s
+

40
csc̄s
� 320

cs

c̄s
� 30

A
+ 275

� 225c2
s + 280

c3
s

c̄s

!

. (84)

Here A, c̄s and cs are dimensionless parameters of the mod-
els. In particular cs is the sound speed of the Galileon scalar
field, while c̄s is a parameter that appears to break the stan-
dard consistency relation for the tensor-to-scalar perturbation
ratio (r = 16✏c̄s = �8nTc̄s, nT being the tensor spectral in-
dex)21. Accordingly to Eq. (80) a linear combination of these
two bispectra generate equilateral and orthogonal bispectra tem-
plates22. From the Planck constraints on f equil

NL and f ortho
NL , see

Table 11, we derive constraints on these model parameters fol-
lowing the procedure described at the beginning of this Section.
We choose log-constant priors in the ranges 10�4  A  104, and
10�4  c̄s  102, together with a uniform prior 10�4 < cs < 1.
These priors have been choosen essentially on the basis of per-
turbative regime validity of the theory and to allow for a quite

21 For the explicit expressions of these parameters in terms of the
coe�cients of the Galileon Lagrangian see Planck Collaboration XX
(2015).

22 Notice that we are neglecting O(✏1/c4
s ) corrections (where O(✏1)

means also O(⌘s, s, ...)) (Burrage et al. 2011; Ribeiro & Seery 2011).
These corrections will have a di↵erent shape associated with them and
they are not necessarily small when compared with some of the terms
displayed, e.g., the terms O(1/c2

s ).
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Relevant target:  fNL
EQ ~ 1   cs ~ 1

Lorentz invariant limit:
Planck 2015

t = const

Cheung, PC, Fitzpatrick, Kaplan, Senatore 07 



Multi - field

•  Squeezed limit non-vanishing (local non-Gaussianity)

• Observables sensitive to this limit only (scale-dependent bias)

• Models where the source of perturbations is not the inflaton:  fNL
loc > 1 



Constraints are statistical in nature:

The future

excluded by Planck
Single field slow-roll

predictions

Other inflationary models
Second-order effects

Future experimental target, reachable (?) by CMB + LSS:



1.  We believe inflation sets up our initial conditions:
strong support (e.g. tilt) but room to doubt.

2.  We entered the B-mode era. Primordial gravity waves predictions extremely 
robust. Window on the highest energies and probe of early acceleration.

3.  Large non-Gaussianity would rule out all single-field slow-roll models. Probe 
of new early universe physics: multi-field models and self-interactions. Future 
experiments are very close to targets                      .

Conclusions



Backup slides


