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ä

a
= � 1

6M2
Pl

(⇢+ 3p)

2/20	



Cosmological	Perturba.ons	
Lifshitz	(1946),	Grishchuk	(1974)	

Starobinsky	(1979)	
Bardeen	(1980)	

Mukhanov	and	Chibisov	(1981)	
Kodama	&	Sasaki	(1984)	

Mukhanov,	Feldman	&	Brandenberger	(1992)	

3/20	



Cosmological	Perturba.ons	
Lifshitz	(1946),	Grishchuk	(1974)	

Starobinsky	(1979)	
Bardeen	(1980)	

Mukhanov	and	Chibisov	(1981)	
Kodama	&	Sasaki	(1984)	

Mukhanov,	Feldman	&	Brandenberger	(1992)	

3/20	



Cosmological	Perturba.ons	
Lifshitz	(1946),	Grishchuk	(1974)	

Starobinsky	(1979)	
Bardeen	(1980)	

Mukhanov	and	Chibisov	(1981)	
Kodama	&	Sasaki	(1984)	

Mukhanov,	Feldman	&	Brandenberger	(1992)	

3/20	



Infla.onary	Predic.ons	

Coherent,	Gaussian,	almost	scale	invariant,	adiaba.c	perturba.ons	

4/20	



Infla.onary	Predic.ons	

Standard	Scalar	Field	

Non	Minimal	Coupling	

Mul.-Field	Infla.on	

Non-Canonical	kine.c	terms	

Poten.al	with	Features	

Coherent,	Gaussian,	almost	scale	invariant,	adiaba.c	perturba.ons	

4/20	



Infla.onary	Predic.ons	

Standard	Scalar	Field	

Non	Minimal	Coupling	

Mul.-Field	Infla.on	

Non-Canonical	kine.c	terms	

Poten>al	with	Features	

Coherent,	Gaussian,	almost	scale	invariant,	adiaba.c	perturba.ons	

4/20	



Infla.onary	Predic.ons	

Standard	Scalar	Field	

Non	Minimal	Coupling	

Mul>-Field	Infla>on	

Non-Canonical	kine.c	terms	

Poten.al	with	Features	

Coherent,	Gaussian,	almost	scale	invariant,	adiaba.c	perturba.ons	

4/20	



Infla.onary	Predic.ons	

Standard	Scalar	Field	

Non	Minimal	Coupling	

Mul.-Field	Infla.on	

Non-Canonical	kine>c	terms	

Poten.al	with	Features	

Coherent,	Gaussian,	almost	scale	invariant,	adiaba.c	perturba.ons	

4/20	



Planck	Results	in	brief	
 
 
 
 

5/20	

Released	March	2013,	Updated	February	2015	
Planck	+…		



Planck	Results	in	brief	

�Consequences	for	Infla>on	in	General	

 
 
 
 

5/20	

Released	March	2013,	Updated	February	2015	
Planck	+…		



Planck	Results	in	brief	

�Consequences	for	Infla>on	in	General	

 
 
 
 

Flatness	 |⌦K| < 0.0005

5/20	

Released	March	2013,	Updated	February	2015	
Planck	+…		



Planck	Results	in	brief	

�Consequences	for	Infla>on	in	General	

 
 
 
 

Flatness	

Adiaba.c	Ini.al	Condi.ons	 (at	95%	CL)	

|⌦K| < 0.0005

I/R < 4%

5/20	

Released	March	2013,	Updated	February	2015	
Planck	+…		



Planck	Results	in	brief	

�Consequences	for	Infla>on	in	General	

 
 
 
 

Flatness	

Adiaba.c	Ini.al	Condi.ons	 (at	95%	CL)	

Quasi	scale	Invariance	

|⌦K| < 0.0005

I/R < 4%

nS = 0.968± 0.006

5/20	

Released	March	2013,	Updated	February	2015	
Planck	+…		



forth

NL

= �34± 33f eq
NL = �16± 70

Planck	Results	in	brief	

�Consequences	for	Infla>on	in	General	

 
 
 
 

Flatness	

Adiaba.c	Ini.al	Condi.ons	 (at	95%	CL)	

Quasi	scale	Invariance	

Gaussiani.es	of	the	CMB	anisotropies	

|⌦K| < 0.0005

I/R < 4%

nS = 0.968± 0.006

f loc

NL

= 0.8± 5

5/20	

Released	March	2013,	Updated	February	2015	
Planck	+…		



forth

NL

= �34± 33f eq
NL = �16± 70

Planck	Results	in	brief	

�Consequences	for	Infla>on	in	General	

 
 
 
 

Flatness	

Adiaba.c	Ini.al	Condi.ons	 (at	95%	CL)	

Quasi	scale	Invariance	

Gaussiani.es	of	the	CMB	anisotropies	

single-field,	slow-roll	models	with	canonical	kine.c	terms	are	favored	
Giannantonio	&	Komatsu	(2014)	

|⌦K| < 0.0005

I/R < 4%

nS = 0.968± 0.006

f loc

NL

= 0.8± 5

5/20	

Released	March	2013,	Updated	February	2015	
Planck	+…		



forth

NL

= �34± 33f eq
NL = �16± 70

Planck	Results	in	brief	

�Consequences	for	Infla>on	in	General	

�Consequences	for	Infla>onary	Models	in	Par>cular	…	

 
 
 
 

Flatness	

Adiaba.c	Ini.al	Condi.ons	 (at	95%	CL)	

Quasi	scale	Invariance	

Gaussiani.es	of	the	CMB	anisotropies	

single-field,	slow-roll	models	with	canonical	kine.c	terms	are	favored	
Giannantonio	&	Komatsu	(2014)	

|⌦K| < 0.0005

I/R < 4%

nS = 0.968± 0.006

f loc

NL

= 0.8± 5

5/20	

Released	March	2013,	Updated	February	2015	
Planck	+…		



Infla.onary	Observables	
of	single-field	slow-roll	models	

6/20	



Infla.onary	Observables	
of	single-field	slow-roll	models	

Sasaki,	Nambu	&	Nakao	(1988)	
Liddle,	Pearsons	&	Barrow	(1994)	

�The	slow-roll	approxima>on	

6/20	



Infla.onary	Observables	
of	single-field	slow-roll	models	

During in;lation, H is almost constant

✏0 =

Hin

H
' constant

Sasaki,	Nambu	&	Nakao	(1988)	
Liddle,	Pearsons	&	Barrow	(1994)	

�The	slow-roll	approxima>on	

6/20	



Infla.onary	Observables	
of	single-field	slow-roll	models	

During in;lation, H is almost constant

✏n+1 =
1

✏n

d✏n
dN

Slow-Roll hierarchy

✏0 =

Hin

H
' constant

Sasaki,	Nambu	&	Nakao	(1988)	
Liddle,	Pearsons	&	Barrow	(1994)	

�The	slow-roll	approxima>on	

6/20	



Infla.onary	Observables	
of	single-field	slow-roll	models	

During in;lation, H is almost constant

✏n+1 =
1

✏n

d✏n
dN

Slow-Roll hierarchy

✏0 =

Hin

H
' constant

✏1 ' 1

2M2
Pl

✓
V�

V

◆2

✏2 ' 2

M2
Pl

"✓
V�

V

◆2

� V��

V

#
✏3 ' etc...

Sasaki,	Nambu	&	Nakao	(1988)	
Liddle,	Pearsons	&	Barrow	(1994)	

�The	slow-roll	approxima>on	

6/20	



P⇣ =
H2

⇤
8⇡2M2

Pl✏1⇤


1� 2 (C + 1) ✏1⇤ � C✏2⇤ � (2✏1⇤ + ✏2⇤) ln

✓
k

k⇤

◆�

Ph =
2H2

⇤
⇡2M2

Pl


1� 2 (C + 1) ✏1⇤ � 2✏1⇤ln

✓
k

k⇤

◆�

Starobinsky	(1979)	
Hawking	(1982)	
Starobinsky	(1982)	
Guth,	Pi	(1982)	
Mukhanov	(1985	&	1988)	

Infla.onary	Observables	
of	single-field	slow-roll	models	

7/20	



P⇣ =
H2

⇤
8⇡2M2

Pl✏1⇤


1� 2 (C + 1) ✏1⇤ � C✏2⇤ � (2✏1⇤ + ✏2⇤) ln

✓
k

k⇤

◆�

Ph =
2H2

⇤
⇡2M2

Pl


1� 2 (C + 1) ✏1⇤ � 2✏1⇤ln

✓
k

k⇤

◆�

Infla.onary	Observables	
of	single-field	slow-roll	models	

f loc

NL
=

5

12
(2✏

1⇤ + ✏
2⇤) Maldacena	(2002)	

Starobinsky	(1979)	
Hawking	(1982)	
Starobinsky	(1982)	
Guth,	Pi	(1982)	
Mukhanov	(1985	&	1988)	

7/20	



Spectral index

P⇣ =
H2

⇤
8⇡2M2

Pl✏1⇤


1� 2 (C + 1) ✏1⇤ � C✏2⇤ � (2✏1⇤ + ✏2⇤) ln

✓
k

k⇤

◆�

Ph =
2H2

⇤
⇡2M2

Pl


1� 2 (C + 1) ✏1⇤ � 2✏1⇤ln

✓
k

k⇤

◆�

nT ⌘ d lnPh

d ln k

����
k⇤

' �2✏1⇤

nS ⌘ 1 +
d lnPh

d ln k

����
k⇤

' 1� 2✏1⇤ � ✏2⇤

Infla.onary	Observables	
of	single-field	slow-roll	models	

Starobinsky	(1979)	
Hawking	(1982)	
Starobinsky	(1982)	
Guth,	Pi	(1982)	
Mukhanov	(1985	&	1988)	

7/20	



Spectral index

P⇣ =
H2

⇤
8⇡2M2

Pl✏1⇤


1� 2 (C + 1) ✏1⇤ � C✏2⇤ � (2✏1⇤ + ✏2⇤) ln

✓
k

k⇤

◆�

Ph =
2H2

⇤
⇡2M2

Pl


1� 2 (C + 1) ✏1⇤ � 2✏1⇤ln

✓
k

k⇤

◆�

Tensor-to-Scalar Ratio

nT ⌘ d lnPh

d ln k

����
k⇤

' �2✏1⇤

nS ⌘ 1 +
d lnPh

d ln k

����
k⇤

' 1� 2✏1⇤ � ✏2⇤ r ⌘ Ph (k⇤)

P⇣ (k⇤)
' 16✏1⇤

Infla.onary	Observables	
of	single-field	slow-roll	models	

Starobinsky	(1979)	
Hawking	(1982)	
Starobinsky	(1982)	
Guth,	Pi	(1982)	
Mukhanov	(1985	&	1988)	

7/20	



Spectral index

P⇣ =
H2

⇤
8⇡2M2

Pl✏1⇤


1� 2 (C + 1) ✏1⇤ � C✏2⇤ � (2✏1⇤ + ✏2⇤) ln

✓
k

k⇤

◆�

Ph =
2H2

⇤
⇡2M2

Pl


1� 2 (C + 1) ✏1⇤ � 2✏1⇤ln

✓
k

k⇤

◆�

Tensor-to-Scalar Ratio

Measurements

nS ' 0.96

nT ⌘ d lnPh

d ln k

����
k⇤

' �2✏1⇤

nS ⌘ 1 +
d lnPh

d ln k

����
k⇤

' 1� 2✏1⇤ � ✏2⇤ r ⌘ Ph (k⇤)

P⇣ (k⇤)
' 16✏1⇤

P⇣ (k⇤) ' 2⇥ 10�9

Infla.onary	Observables	
of	single-field	slow-roll	models	

Starobinsky	(1979)	
Hawking	(1982)	
Starobinsky	(1982)	
Guth,	Pi	(1982)	
Mukhanov	(1985	&	1988)	

7/20	



Spectral index

P⇣ =
H2

⇤
8⇡2M2

Pl✏1⇤


1� 2 (C + 1) ✏1⇤ � C✏2⇤ � (2✏1⇤ + ✏2⇤) ln

✓
k

k⇤

◆�

Ph =
2H2

⇤
⇡2M2

Pl


1� 2 (C + 1) ✏1⇤ � 2✏1⇤ln

✓
k

k⇤

◆�

Tensor-to-Scalar Ratio

Measurements

nS ' 0.96

Targeted Measurements
nT ⌘ d lnPh

d ln k

����
k⇤

' �2✏1⇤

nS ⌘ 1 +
d lnPh

d ln k

����
k⇤

' 1� 2✏1⇤ � ✏2⇤ r ⌘ Ph (k⇤)

P⇣ (k⇤)
' 16✏1⇤

P⇣ (k⇤) ' 2⇥ 10�9

Infla.onary	Observables	
of	single-field	slow-roll	models	

Starobinsky	(1979)	
Hawking	(1982)	
Starobinsky	(1982)	
Guth,	Pi	(1982)	
Mukhanov	(1985	&	1988)	

7/20	



Spectral index

P⇣ =
H2

⇤
8⇡2M2

Pl✏1⇤


1� 2 (C + 1) ✏1⇤ � C✏2⇤ � (2✏1⇤ + ✏2⇤) ln

✓
k

k⇤

◆�

Ph =
2H2

⇤
⇡2M2

Pl


1� 2 (C + 1) ✏1⇤ � 2✏1⇤ln

✓
k

k⇤

◆�

Tensor-to-Scalar Ratio

Measurements

nS ' 0.96

Targeted Measurements
nT ⌘ d lnPh

d ln k

����
k⇤

' �2✏1⇤

nS ⌘ 1 +
d lnPh

d ln k

����
k⇤

' 1� 2✏1⇤ � ✏2⇤ r ⌘ Ph (k⇤)

P⇣ (k⇤)
' 16✏1⇤

r ⌘ Ph (k⇤)

P⇣ (k⇤)
' 16✏1⇤

H2
⇤

M2
Pl

' ⇡2

2
rP⇣ (k⇤)P⇣ (k⇤) ' 2⇥ 10�9

energy scale of in;lation

Infla.onary	Observables	
of	single-field	slow-roll	models	

Starobinsky	(1979)	
Hawking	(1982)	
Starobinsky	(1982)	
Guth,	Pi	(1982)	
Mukhanov	(1985	&	1988)	

7/20	



Spectral index

P⇣ =
H2

⇤
8⇡2M2

Pl✏1⇤


1� 2 (C + 1) ✏1⇤ � C✏2⇤ � (2✏1⇤ + ✏2⇤) ln

✓
k

k⇤

◆�

Ph =
2H2

⇤
⇡2M2

Pl


1� 2 (C + 1) ✏1⇤ � 2✏1⇤ln

✓
k

k⇤

◆�

Tensor-to-Scalar Ratio

Measurements

nS ' 0.96

Targeted Measurements

energy scale of in;lation

Infla.onary	Observables	
of	single-field	slow-roll	models	

nT ⌘ d lnPh

d ln k

����
k⇤

' �2✏1⇤

nS ⌘ 1 +
d lnPh

d ln k

����
k⇤

' 1� 2✏1⇤ � ✏2⇤ r ⌘ Ph (k⇤)

P⇣ (k⇤)
' 16✏1⇤

r ⌘ Ph (k⇤)

P⇣ (k⇤)
' 16✏1⇤

P⇣ (k⇤) ' 2⇥ 10�9
nT ⌘ d lnPh

d ln k

����
k⇤

' �2✏1⇤consistency relation

nT ' �r/8

Starobinsky	(1979)	
Hawking	(1982)	
Starobinsky	(1982)	
Guth,	Pi	(1982)	
Mukhanov	(1985	&	1988)	

7/20	



Model	Predic.ons	
Described	in	terms	of		✏i⇤

8/20	



An example: « large ;ield in;lation » V (�) = M4

✓
�

MPl

◆p

*	

*	

Model	Predic.ons	
Described	in	terms	of		✏i⇤

8/20	



An example: « large ;ield in;lation » V (�) = M4

✓
�

MPl

◆p

*	

*	

Model	Predic.ons	
Described	in	terms	of		✏i⇤

8/20	



An example: « large ;ield in;lation » V (�) = M4

✓
�

MPl

◆p

Different	value	
of	p	

*	

*	

Model	Predic.ons	
Described	in	terms	of		✏i⇤

8/20	



An example: « large ;ield in;lation » V (�) = M4

✓
�

MPl

◆p

Different	value	
of	p	

Different	
value	of	φ*	

*	

*	

Model	Predic.ons	
Described	in	terms	of		✏i⇤

8/20	



An example: « large ;ield in;lation » V (�) = M4

✓
�

MPl

◆p

Different	value	
of	p	

Different	
value	of	φ*	

Different	
value	of	ΔN*	

*	

*	

Model	Predic.ons	
Described	in	terms	of		✏i⇤

8/20	



An example: « large ;ield in;lation » V (�) = M4

✓
�

MPl

◆p

Different	value	
of	p	

Different	
value	of	φ*	

Different	
value	of	ΔN*	

Different	
rehea.ng	
scenarios	

*	

*	

Model	Predic.ons	
Described	in	terms	of		✏i⇤

8/20	



Role	of	Rehea.ng		
A	technical	aspect	

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

9/20	



Role	of	Rehea.ng		
A	technical	aspect	

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

9/20	



Role	of	Rehea.ng		
A	technical	aspect	

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

9/20	



Role	of	Rehea.ng		
A	technical	aspect	

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

9/20	

w̄reh =
1

�Nreh

Z

reh
w (N) dN



Role	of	Rehea.ng		
A	technical	aspect	

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

9/20	



Role	of	Rehea.ng		
A	technical	aspect	

⇢BBN < ⇢reh < ⇢end

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

9/20	



Role	of	Rehea.ng		
A	technical	aspect	

�1/3 < w̄reh < 1

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

9/20	



Role	of	Rehea.ng		

�N⇤ =
1� 3w̄

reh

12 (1 + w̄
reh

)
ln

✓
⇢
reh

⇢
end

◆

+
1

4
ln

✓
⇢⇤

3M4

Pl

⇢⇤
⇢
end

◆

� ln

 
k⇤/anow

⇢1/4�,now

!

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

10/20	



Role	of	Rehea.ng		
Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

�  depends	on	rehea.ng	parameters	�N⇤ =
1� 3w̄

reh

12 (1 + w̄
reh

)
ln

✓
⇢
reh

⇢
end

◆

+
1

4
ln

✓
⇢⇤

3M4

Pl

⇢⇤
⇢
end

◆

� ln

 
k⇤/anow

⇢1/4�,now

!

10/20	



Role	of	Rehea.ng		

(model	dependent)	

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

�  depends	on	rehea.ng	parameters	
	
�  depends	on	V	parameters	

�N⇤ =
1� 3w̄

reh

12 (1 + w̄
reh

)
ln

✓
⇢
reh

⇢
end

◆

+
1

4
ln

✓
⇢⇤

3M4

Pl

⇢⇤
⇢
end

◆

� ln

 
k⇤/anow

⇢1/4�,now

!

10/20	



Role	of	Rehea.ng		
Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

�  depends	on	rehea.ng	parameters	
	
�  depends	on	V	parameters	
	
�  accurately	measured	

�N⇤ =
1� 3w̄

reh

12 (1 + w̄
reh

)
ln

✓
⇢
reh

⇢
end

◆

+
1

4
ln

✓
⇢⇤

3M4

Pl

⇢⇤
⇢
end

◆

� ln

 
k⇤/anow

⇢1/4�,now

!

10/20	



Role	of	Rehea.ng		

�  depends	on	rehea.ng	parameters	
	
�  depends	on	V	parameters	
	
�  accurately	measured	

�  implicit		equa.on	

�N⇤ =
1� 3w̄

reh

12 (1 + w̄
reh

)
ln

✓
⇢
reh

⇢
end

◆

+
1

4
ln

✓
⇢⇤

3M4

Pl

⇢⇤
⇢
end

◆

� ln

 
k⇤/anow

⇢1/4�,now

!

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

(requires	numerical	solving)	

10/20	



Role	of	Rehea.ng		

�  depends	on	rehea.ng	parameters	
	
�  depends	on	V	parameters	
	
�  accurately	measured	

�  implicit		equa.on	

In	prac.ce:	

�N⇤ =
1� 3w̄

reh

12 (1 + w̄
reh

)
ln

✓
⇢
reh

⇢
end

◆

+
1

4
ln

✓
⇢⇤

3M4

Pl

⇢⇤
⇢
end

◆

� ln

 
k⇤/anow

⇢1/4�,now

!

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

10/20	



Role	of	Rehea.ng		

�  depends	on	rehea.ng	parameters	
	
�  depends	on	V	parameters	
	
�  accurately	measured	

�  implicit		equa.on	

In	prac.ce:	 ⇢BBN < ⇢reh < ⇢end�	

�N⇤ =
1� 3w̄

reh

12 (1 + w̄
reh

)
ln

✓
⇢
reh

⇢
end

◆

+
1

4
ln

✓
⇢⇤

3M4

Pl

⇢⇤
⇢
end

◆

� ln

 
k⇤/anow

⇢1/4�,now

!

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

10/20	



Role	of	Rehea.ng		

�  depends	on	rehea.ng	parameters	
	
�  depends	on	V	parameters	
	
�  accurately	measured	

�  implicit		equa.on	

In	prac.ce:	

�1/3 < w̄reh < 1

⇢BBN < ⇢reh < ⇢end�	

�	

�N⇤ =
1� 3w̄

reh

12 (1 + w̄
reh

)
ln

✓
⇢
reh

⇢
end

◆

+
1

4
ln

✓
⇢⇤

3M4

Pl

⇢⇤
⇢
end

◆

� ln

 
k⇤/anow

⇢1/4�,now

!

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

10/20	



Role	of	Rehea.ng		

�  depends	on	rehea.ng	parameters	
	
�  depends	on	V	parameters	
	
�  accurately	measured	

�  implicit		equa.on	

In	prac.ce:	

�1/3 < w̄reh < 1

⇢BBN < ⇢reh < ⇢end

not	infla.on	 dominant	energy	condi.on	

�	

�	

�N⇤ =
1� 3w̄

reh

12 (1 + w̄
reh

)
ln

✓
⇢
reh

⇢
end

◆

+
1

4
ln

✓
⇢⇤

3M4

Pl

⇢⇤
⇢
end

◆

� ln

 
k⇤/anow

⇢1/4�,now

!

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

10/20	



Role	of	Rehea.ng		

�  depends	on	rehea.ng	parameters	
	
�  depends	on	V	parameters	
	
�  accurately	measured	

�  implicit		equa.on	

In	prac.ce:	

�1/3 < w̄reh < 1

⇢BBN < ⇢reh < ⇢end

not	infla.on	 dominant	energy	condi.on	

�	

�	

�	

�N⇤ =
1� 3w̄

reh

12 (1 + w̄
reh

)
ln

✓
⇢
reh

⇢
end

◆

+
1

4
ln

✓
⇢⇤

3M4

Pl

⇢⇤
⇢
end

◆

� ln

 
k⇤/anow

⇢1/4�,now

!

⇢� , k⇤/anowset	to	measured	value,																							chosen	to	pivot	scale	k⇤/anow

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

10/20	



Role	of	Rehea.ng		

�  depends	on	rehea.ng	parameters	
	
�  depends	on	V	parameters	
	
�  accurately	measured	

�  implicit		equa.on	

In	prac.ce:	

�1/3 < w̄reh < 1

⇢BBN < ⇢reh < ⇢end

not	infla.on	 dominant	energy	condi.on	

Yields	a	model	dependent	
range	of	admiPed	values	

for	ΔN*	

�	

�	

�	

�N⇤ =
1� 3w̄

reh

12 (1 + w̄
reh

)
ln

✓
⇢
reh

⇢
end

◆

+
1

4
ln

✓
⇢⇤

3M4

Pl

⇢⇤
⇢
end

◆

� ln

 
k⇤/anow

⇢1/4�,now

!

⇢� , k⇤/anowset	to	measured	value,																							chosen	to	pivot	scale	k⇤/anow

Mar.n	&	Ringeval	(2010)	
Easther	&	Peiris	(2011)	

	

10/20	



An example: « large ;ield in;lation » V (�) = M4

✓
�

MPl

◆p

Different	value	
of	p	

Different	
value	of	φ*	

Different	
value	of	ΔN*	

Different	
rehea.ng	
scenarios	

*	

*	

Model	Predic.ons	
Described	in	terms	of		✏i⇤

11/20	



An example: « large ;ield in;lation » V (�) = M4

✓
�

MPl

◆p

*	

*	

Model	Predic.ons	
Described	in	terms	of		✏i⇤

11/20	



An example: « large ;ield in;lation » V (�) = M4

✓
�

MPl

◆p

Model	Predic.ons	
and	Observa.ons	

*	

*	

Mar.n,	Ringeval,	V.V	(2013)	
	

11/20	



An example: « large ;ield in;lation » V (�) = M4

✓
�

MPl

◆p

*	

*	

Model	Predic.ons	
and	Observa.ons	

11/20	

Mar.n,	Ringeval,	V.V	(2013)	
	



An example: « large ;ield in;lation » V (�) = M4

✓
�

MPl

◆p

*	

*	

Model	Predic.ons	
and	Observa.ons	

11/20	

Mar.n,	Ringeval,	V.V	(2013)	
	



An example: « large ;ield in;lation » V (�) = M4

✓
�

MPl

◆p

*	

*	

Model	Predic.ons	
and	Observa.ons	

11/20	

Mar.n,	Ringeval,	V.V	(2013)	
	



An example: « large ;ield in;lation » V (�) = M4

✓
�

MPl

◆p

*	

*	

Model	Predic.ons	
and	Observa.ons	

11/20	

Mar.n,	Ringeval,	V.V	(2013)	
	



An example: « large ;ield in;lation »

*	

*	

V (�) = M4

✓
�

MPl

◆p

Model	Predic.ons	
and	Observa.ons	

11/20	

Mar.n,	Ringeval,	V.V	(2013)	
	



Model	Predic.ons	



Bayesian	Approach	
to	model	comparison	

12/20	



Bayesian	Approach	
to	model	comparison	

Bayesian evidence: Integral of the likelihood over parameter prior

12/20	



Bayesian	Approach	
to	model	comparison	

Bayesian evidence: Integral of the likelihood over parameter prior

✓

12/20	



Bayesian	Approach	
to	model	comparison	

Bayesian evidence: Integral of the likelihood over parameter prior

✓
PRIOR	

�⇡

12/20	



Bayesian	Approach	
to	model	comparison	

Bayesian evidence: Integral of the likelihood over parameter prior

✓

LIKELIHOOD	

PRIOR	

�L

�⇡

L
max

12/20	



Bayesian	Approach	
to	model	comparison	

Bayesian evidence: Integral of the likelihood over parameter prior

✓

LIKELIHOOD	

PRIOR	

�L

�⇡

L
max

E (M) =L
max

�L
�⇡

12/20	



Bayesian	Approach	
to	model	comparison	

Bayesian evidence: Integral of the likelihood over parameter prior

✓

LIKELIHOOD	

PRIOR	

�L

�⇡

L
max Compromise	between	quality	of	fit	and	simplicity	

E (M) =L
max

�L
�⇡

12/20	



Bayesian	Approach	
to	model	comparison	

Bayesian evidence: Integral of the likelihood over parameter prior

✓

LIKELIHOOD	

PRIOR	

�L

�⇡

L
max Compromise	between	quality	of	fit	and	simplicity	

E (M) =L
max

�L
�⇡

For	a	set	of	models																,			

the	posterior-to-prior	ra.o																											………..………………………..				

represents	the	degree	by	which	the	data	have	modified	our	a	priori	rela.ve	belief		

in	a	given	model										.	

{Mj}
N

models

E (Mi) /
X

E (Mj)

Mi 12/20	



Posterior-to-Prior	Ra.o	
computed	with	Planck	

13/20	

Mar.n,	Ringeval,	V.V	(2014)	
	



Bayesian	evidences		
computed	with	Planck	

Summary	of	the	results	

14/20	

Mar.n,	Ringeval,	V.V	(2014)	
	



Bayesian	evidences		
computed	with	Planck	

Summary	of	the	results	

One	third	of	the	models	are	“ruled	out”	

14/20	

Mar.n,	Ringeval,	V.V	(2014)	
	



Bayesian	evidences		
computed	with	Planck	

inconclusive	

weak	

moderate	

strong	

according	to	the	Jeffreys	scale	

Summary	of	the	results	

One	third	of	the	models	are	“ruled	out”	

14/20	

N
m
o
d
e
l
s

Mar.n,	Ringeval,	V.V	(2014)	
	



Bayesian	evidences		
computed	with	Planck	

Summary	of	the	results	

Planck	favors	“Plateau	Infla.on”	

One	third	of	the	models	are	“ruled	out”	

14/20	

Mar.n,	Ringeval,	V.V	(2014)	
	



Bayesian	evidences		
computed	with	Planck	

Some	models	are	killed	by	“fine-tuning”	

Summary	of	the	results	

Planck	favors	“Plateau	Infla.on”	

One	third	of	the	models	are	“ruled	out”	

14/20	

Mar.n,	Ringeval,	V.V	(2014)	
	



lnRreh =
1� 3w̄reh

12 (1 + w̄reh)
ln

✓
⇢reh
⇢end

◆
+ ln

 
⇢1/4end

MPl

!
Constraints	on	Rehea.ng	

15/20	

Mar.n,	Ringeval,	V.V	(2014)	
	



Constraints	on	Rehea.ng	

15/20	

Mar.n,	Ringeval,	V.V	(2014)	
	



Constraints	on	Rehea.ng	
BEST	WORST	

15/20	

Mar.n,	Ringeval,	V.V	(2014)	
	



Constraints	on	Rehea.ng	
BEST	WORST	

no	constraint	
on	rehea>ng	

rehea>ng	
	perfectly	
measured	

15/20	

Mar.n,	Ringeval,	V.V	(2014)	
	



Rehea.ng	does	MaPers!	

inconcl.	weak	moderate	strong	

w̄reh = �0.3

w̄reh = �0.2

w̄reh = 0

w̄reh = 0.2 -0.41	

-1.11	

-2.59	

-3.27	

V (�) = M4


1 + ↵ ln

✓
�

MPl

◆�
Example : LI↵>0

Best	

16/20	

Mar.n,	Ringeval,	V.V	(2014)	
	



Adding	a	Light	Scalar	Field	

w̄reh (m�,�end,��,��)

Curvaton	Scenarios	

⇣ = ⇣� + ⇣�

17/20	

Linde	and	Mukhanov,	1997	
Enqvist	and	Sloth,	2001	
Lyth	and	Wands,	2001	

Moroi	and	Takahashi,	2001	
Langlois	and	Vernizzi,	2004	



Adding	a	Light	Scalar	Field	

17/20	

V.V,	Koyama	and	Wands	(2015)	
	



σ	contribu.on	

Adding	a	Light	Scalar	Field	
CASE	#	5	

18/20	

V.V,	Koyama	and	Wands	(2015)	
	



σ	contribu.on	

Adding	a	Light	Scalar	Field	
CASE	#	5	

18/20	

V.V,	Koyama	and	Wands	(2015)	
	



σ	contribu.on	

Adding	a	Light	Scalar	Field	
CASE	#	5	

18/20	

V.V,	Koyama	and	Wands	(2015)	
	



σ	contribu.on	

CASE	#	5	

Adding	a	Light	Scalar	Field	

18/20	

V.V,	Koyama	and	Wands	(2015)	
	



σ	contribu.on	

Averaging	Over	Cases:	

Adding	a	Light	Scalar	Field	

inc.	weak	moderate	strong	

CASE	#	5	

+3.32	

-0.3	

-0.43	

-0.45	HI

NI

V / �2

V / �4

18/20	

V.V,	Koyama	and	Wands	(2015)	
	



σ	contribu.on	

Averaging	Over	Cases:	

Adding	a	Light	Scalar	Field	

inc.	weak	moderate	strong	

CASE	#	5	

+5.22	
+3.32	

-0.3	

-0.43	

-0.45	HI

NI

V / �2

V / �4

CASE	#	5	

18/20	

V.V,	Koyama	and	Wands	(2015)	
	



Conclusions	and	Prospects		

19/20	

�Main	Results:	



Conclusions	and	Prospects		

Planck	data	favor	single-field,	slow-roll	scenarios	with	canonical	kine.c	term.	

�Main	Results:	

19/20	



Conclusions	and	Prospects		

Within	this	class,	Planck	favors	plateau	shaped	poten.als.	

Planck	data	favor	single-field,	slow-roll	scenarios	with	canonical	kine.c	term.	

�Main	Results:	

19/20	



Conclusions	and	Prospects		

Within	this	class,	Planck	favors	plateau	shaped	poten.als.	

Planck	data	favor	single-field,	slow-roll	scenarios	with	canonical	kine.c	term.	

One	third	of	the	models	are	ruled	out,	some	of	them	because	of	fine	tuning.	

�Main	Results:	

19/20	



Conclusions	and	Prospects		

Within	this	class,	Planck	favors	plateau	shaped	poten.als.	

Planck	data	favor	single-field,	slow-roll	scenarios	with	canonical	kine.c	term.	

One	third	of	the	models	are	ruled	out,	some	of	them	because	of	fine	tuning.	

Planck	also	constraints	rehea.ng	(excludes	40%	of	prior	space)	

�Main	Results:	

19/20	



Conclusions	and	Prospects		

Within	this	class,	Planck	favors	plateau	shaped	poten.als.	

Planck	data	favor	single-field,	slow-roll	scenarios	with	canonical	kine.c	term.	

One	third	of	the	models	are	ruled	out,	some	of	them	because	of	fine	tuning.	

Planck	also	constraints	rehea.ng	(excludes	40%	of	prior	space)	

Details	of	coupling	between	inflaton	and	SM	fields	now	maPer	

�Main	Results:	

19/20	



Conclusions	and	Prospects		

Within	this	class,	Planck	favors	plateau	shaped	poten.als.	

Planck	data	favor	single-field,	slow-roll	scenarios	with	canonical	kine.c	term.	

One	third	of	the	models	are	ruled	out,	some	of	them	because	of	fine	tuning.	

Planck	also	constraints	rehea.ng	(excludes	40%	of	prior	space)	

Details	of	coupling	between	inflaton	and	SM	fields	now	maPer	

�Main	Results:	

Single-field	ranking	robust	under	introduc.on	of	light	scalar	fields,		
with	the	excep.on	of	quar.c	poten.als	in	some	specific	rehea.ng	scenarios	

19/20	



Conclusions	and	Prospects		

Within	this	class,	Planck	favors	plateau	shaped	poten.als.	

Planck	data	favor	single-field,	slow-roll	scenarios	with	canonical	kine.c	term.	

One	third	of	the	models	are	ruled	out,	some	of	them	because	of	fine	tuning.	

Planck	also	constraints	rehea.ng	(excludes	40%	of	prior	space)	

Details	of	coupling	between	inflaton	and	SM	fields	now	maPer	

�Prospects:	

�Main	Results:	

Future	CMB	missions?	

Single-field	ranking	robust	under	introduc.on	of	light	scalar	fields,		
with	the	excep.on	of	quar.c	poten.als	in	some	specific	rehea.ng	scenarios	

19/20	



Future	CMB	Missions	

20/20	

Vennin	for	COrE+	proposal	
	



Future	CMB	Missions	

20/20	

Vennin	for	COrE+	proposal	
	



Future	CMB	Missions	

20/20	

Vennin	for	COrE+	proposal	
	



V
(�
) =

M
4

✓ 1
�
↵

�
M
P
l
e
�
�
/M

P
l

◆

V
(�
)
=

M
4
�
2

M
2 P
l

 1
+
↵

�
2

M
P
l

2
!

V (�)
=M

4
⇣

1�
e
�
p 2/

3�
/M

Pl

⌘2

V (�)
=M

4
�
2

M
2
Pl


1�

2↵
�
2

M
2
Pl

ln

✓ �

MPl

◆�

V (�) =
M

4


1� 2e

�2�/
(
p 6MPl) +

AI

16⇡
2

�
p

6MPl

�

V
(�
)
=
M

4
✓
�

M
P
l

◆ 4
 1
�
↵
ln

✓
�

M
P
l

◆�

V
(

�)
=

M
4


1

+

c

o

s

✓ �
f

◆�

V
(�
)
=
M

4
⇣ 1
�
e
�
q�

/M
P
l
⌘

V
(�
) =

M
4 e
�↵

�/
M

P
l

V
(�
) =

M
4

"
1 +

↵

✓ �
Q

◆ 4 ln

✓ �
Q

◆
#

V
(�
) =

M
4


1
+
↵
ln

✓ �
M
P
l

◆�

V
(�
) =

M
4

" ✓ �
� 0

◆ 2 �
1

# 2

V (

�) =
1

2

m
2
�
�
2
+

A c

o

s

(

n✓ +
✓0)

�n

n

�n

M
n�3

Pl

+

�
2
n

�2
(n�1)

M
2(n�

3)

Pl

V
(�
)
=
M

4
 3
�

� 3
+
↵

2
� ta
nh

2
✓ ↵p 2

�
M

P
l

◆�

V (�)
=
�M

4

✓ �
�0

◆ 2
ln

"✓ �
�0

◆ 2
#

V
(�
) =

M
4


1�

2
⇡
ar
cta

n

✓ �
µ

◆�

V (�
) =

M
4

 � 3�
↵
2
� tan

2

✓ ↵
p 2

�

MPl

◆ � 3

�

V (�)
= M

4
(�/M

Pl
)
2

↵+ (�/M
Pl
)
2

V
(�
)
=
M

4
 1
�
se
ch

✓ �
µ

◆�

V
(�
) =

M
4 ln

2
✓ �

� 0

◆

V (�)
= M

4

"
1 +

↵

✓ �
Q

◆4

ln

✓ �
Q

◆#

V
(�
) =

M
4


1
+
↵
ln

✓ �

M
P
l

◆�
V (
�)

=
M
4


1 +

↵ l
n

✓ �

MPl

◆�

V (
�)
=
M
4


1 +

↵ l
n

✓ �

MPl

◆�

V
(�
)
=
M

4
 1
+
↵
ln

✓
�

M
P
l

◆� V
(�
)
=
M

4
" 1
+
↵

✓ �
Q

◆ 4 ln
✓ �
Q

◆
#

V (�)
= M

4

"
1 +

↵

✓ �
Q

◆4
ln

✓ �
Q

◆#

V
(�
)
=
M

4
 1
+
↵
ln

✓
�

M
P
l

◆�

V
(�
)
=
M

4
 1
+
↵
ln

✓
�

M
P
l

◆�

V (
�)

=
M
4


1 +

↵ l
n

✓ �

MPl

◆�

V (�)
= M

4

 �
3� ↵

2
� tan

2

✓ ↵
p 2

�

MPl

◆
� 3

�

V
(�
)
=
M

4
 � 3
�
↵

2
� ta
n
2

✓ ↵p 2
�

M
P
l

◆ �
3

�

V (�) =
M

4

 �
3� ↵

2
�
tan

2

✓ ↵
p 2

�

MPl

◆
� 3

�

V
(�
)
=
M

4 ln
2

✓ �
� 0

◆

V (�
) =

M
4 ln

2

✓ �

�0

◆

V
(�
)
=
M

4
ln

2
✓
�

�
0

◆

V
(�
)
=
M

4 ln
2

✓ �
� 0

◆

V
(�
) =

M
4


1�

se
ch

✓ �
µ

◆�

V (�)
=M

4


1�

sec
h

✓ �
µ

◆�

V
(�
)
=
M

4

ln
2
✓
�

�
0

◆

V

(
�
)
=

M

4
ln

2

✓
�

�
0

◆

V
(�
)
=
M

4
 1
�
se
ch

✓ �
µ

◆�

Thank	you	

for	your	aPen.on	


