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Preface
There has been a significant progress in astrophysical and cosmological observations in 
recent years. Cosmology has entered an era of precision science. Astrophysical black holes 
have been observed in many frequency bands with better resolutions and sensitivities. 
Gamma-ray burst observations have brought a new puzzle into relativistic astrophysics. 
And, gravitational wave interferometers are now opening a new window for astrophysics 
and fundamental physics. On the theoretical side, motivated by unified theories of 
fundamental interactions, especially string theory, many efforts have been made for studies 
of physics in five (or higher) dimensional spacetimes, and there is a growing interest in 
experimental verifications of extra-dimension models. There have been also interesting 
developments in various other areas such as alternative theories of gravity, quantum gravity, 
and spacetime singularities. The main purpose of this workshop is to overview these recent 
developments and new directions in research on gravitation, cosmology, and relativistic 
astrophysics. The topics may include quantum gravity, string cosmology, inflationary 
cosmology, the generation and evolution of density fluctuations, observational cosmology, 
gravitational lensing, black holes, gamma-ray bursts, sources of gravitational radiation, 
gravitational wave experiments, modified gravity models and so on. 

     This workshop is supported by 

  ・Graduate School of Science and Technology, Hirosaki University

  ・JSPS Grant-in-Aid for Scientific Research (A) 21244033

  ・Grant-in-Aid for Scientific Research on Innovative Areas No.24103006

  ・Aomori Prefecture (via Hirosaki Tourism and Convention Bureau)

     We would like to thank all the participants and the above organizations for their kindly 
help of JGRG23.

December 20, 2013
Hideki Asada

(on behalf of the JGRG23 LOC)
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Presentation Award
The JGRG presentation award program was established at the occasion of JGRG22 in 2012. 
This year, we are pleased to announce the following five winners of the Outstanding 
Presentation Award for their excellent presentations at JGRG23. The winners were selected 
by the selection committee consisting of the JGRG23 SOC based on ballots of the 
participants.

Ryo Namba (Kavli IPMU, University of Tokyo)
“Gauge-flation confronted with CMB observations”

Akira Oka (University of Tokyo)
“Cosmological Upper-Bound for f(R) Gravity through Redshift-Space Distortion”

Masato Nozawa (KEK)
“Supersymmetric Plebanski-Demianski solution”

Hiroyuki Nakano (Yukawa Institute for Theoretical Physics, Kyoto University)
“Spin-Regge-Wheeler-Zerilli formalism and gravitational waves”

Sakine Nishi (Rikkyo University)
“Cosmological matching conditions in Horndeski's theory”
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Oral Presentations: First Day
Tuesday 5 November
9:00	
 Reception desk opens

9:30	
 Hideki Asada (Hirosaki University)
	
 Opening address
	
 [*]

Morning 1 [Chair: Takahiro Tanaka]

9:35	
 Tsutomu Kobayashi (Rikkyo University) [Invited]
	
 “Horndeski’s theory: a unified description of modified gravity”
	
 [JGRG23(2013)110501]

10:25-45 Break

Morning 2 [Chair: Shinji Mukohyama]

10:45	
 Rampei Kimura (RESCEU, University of Tokyo)
	
 “Derivative interactions in nonlinear massive gravity”
	
 [JGRG23(2013)110502]

11:05	
 Chunshan Lin (Kavli IPMU)
	
 “Massive graviton on a spatial condensation web”
	
 [JGRG23(2013)110503]

11:25	
Yasuho Yamashita (YITP, Kyoto University)
	
 “Higher dimensional gravity and bigravity”
	
 [JGRG23(2013)110504]

11:45	
Yingli Zhang (Yukawa Institute for Theoretical Physics)
	
 “Coleman-deLuccia instantons in nonlinear massive gravity”
	
 [JGRG23(2013)110505]

12:05	
 Ivan Dario Arraut (Osaka University & KEK)
	
 “Massive Gravity, Black Hole solutions and Relevant scales.”
	
 [JGRG23(2013)110506]

12:25-14:00 Lunch
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Afternoon 1 [Chair: Yasusada Nambu]

14:00	
 Shi Pi (APCTP)
	
 “Impact of heavy fields on power spectrum and bispectrum of the curvature
	
  perturbation”
	
 [JGRG23(2013)110507]

14:20	
Xian Gao (Tokyo Institute of Technology)
	
 “Features in the curvature power spectrum after a sudden turn of the inflationary
	
  trajectory”
	
 [JGRG23(2013)110508]

14:40	
 Toshifumi Noumi (RIKEN)
	
 “Primordial spectra from sudden turning trajectory”
	
 [JGRG23(2013)110509]

15:00	
 Ryo Saito (Yukawa Institute for Theoretical Physics, Kyoto University)
	
 “Excitation of a heavy scalar field: Turn in the inflaton trajectory”
	
 [JGRG23(2013)110510]

15:20-40 Break

Afternoon 2 [Chair: Hideo Kodama]

15:40	
 Tomotake Matsumura (KEK) [Invited]
	
 “LiteBIRD, Lite (Light) satellite for the studies of B-mode polarization and inflation
	
  from cosmic background radiation detection”
	
 [JGRG23(2013)110511]

16:30	
 Ryo Namba (Kavli IPMU, University of Tokyo)
	
 “Gauge-flation confronted with CMB observations”
	
 [JGRG23(2013)110512]

16:50	
Daisuke Yamauchi (RESCEU, University of Tokyo)
	
 “CMB ISW-lensing bispectrum from cosmic strings”
	
 [JGRG23(2013)110513]

Afternoon 3 [Chair: Yuuiti Sendouda]

17:10-18:12 Poster short presentations
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“Horndeski’s theory: a unified description of modified gravity”

by Tsutomu Kobayashi (invited)

[JGRG23(2013)110501]
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Horndeski’s theory: 
a unified description of 

modified gravity

Tsutomu Kobayashi 
Rikkyo University

JGRG23

Why modified gravity?

Planck

Cosmic acceleration  
– Our understanding of the 
Universe is incomplete 

Need better understanding of 
gravity – dark energy or 
modified gravity? 

Precision cosmology era 
– cosmological tests of gravity
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Modifying GR
General relativity: massless spin-2 

Modified gravity: new d.o.f. (scalars, vectors) 

f(R), DGP, galileons, TeVeS, massive gravity, … 

Let’s consider scalar-tensor theories 

Gravity mediated by         and 

Most typical 

Aim: theoretical framework to describe all scalar-
tensor theories in a unified manner

�gµ�

Talk plan
Introduction & Motivations 

From galileons to Horndeski 
– Introducing the most general scalar-tensor theory with 
second-order EOMs 

Screened modified gravity from Horndeski’s theory 
– How to evade small-scale tests 

Some other topics 
– Inflation, Multi-field extension, … 

Summary
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From galileons to Horndeski

Galileon in flat space

Starting point

Nicolis, Rattazzi, Trincherini (2009)

Unique scalar-field theory in 4D Minkowski having

Galilean shift symmetry: 
!
2nd-order field equation

�µ�� �µ� + bµ

X := �1
2
(��)2where

L = c1� + c2X � c3X�2� + c4X
�
(�2�)2 � (�µ���)2

�

�c5

3
X

�
(�2�)3 � 3�2�(�µ���)2 + 2(�µ���)3

�

9



Step 2: Covariantize flat-space galileon

Covariant galileon

�µ� � gµ� , �µ � �µ

Deffayet, Esposito-Farese, Vikman (2009)

L = c1� + c2X � c3X�� +
c4

2
X2R + c4X

�
(��)2 � (�µ���)2

�

+c5X
2Gµ��µ���� c5

3
X

�
(��)3 � 3��(�µ���)2 + 2(�µ���)3

�

2nd-order field equations both for      and 
!
Nonminimal coupling to gravity is necessary 
!
Forget about symmetry…

� gµ�

Generalized galileon
Deffayet, Gao, Steer, Zahariade (2011)

L = G2(X, �)�G3(X, �)�� + G4(X, �)R +
�G4

�X

�
(��)2 � (�µ���)2

�

+G5(X, �)Gµ��µ����1
6

�G5

�X

�
(��)3 � 3��(�µ���)2 + 2(�µ���)3

�

L = c1� + c2X � c3X�� +
c4

2
X2R + c4X

�
(��)2 � (�µ���)2

�

+c5X
2Gµ��µ���� c5

3
X

�
(��)3 � 3��(�µ���)2 + 2(�µ���)3

�

Step 3: Promote             to arbitrary functions ofX, X2 �, X

Second-order field equations
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Horndeski’s theory

Horndeski (1974); Rediscovered by Charmousis et al. (2011)

LH = ��⇥⇤
µ⌅⇧

�
⇥1⇥µ⇥�⇤R ⌅⇧

⇥⇤ +
2
3
⇥1X⇥µ⇥�⇤⇥⌅⇥⇥⇤⇥⇧⇥⇤⇤

+⇥3⇥�⇤⇥µ⇤R ⌅⇧
⇥⇤ + 2⇥3X⇥�⇤⇥µ⇤⇥⌅⇥⇥⇤⇥⇧⇥⇤⇤

�

+��⇥
µ⌅

�
(F + 2W )R µ⌅

�⇥ + 2FX⇥µ⇥�⇤⇥⌅⇥⇥⇤ + 2⇥8⇥�⇤⇥µ⇤⇥⌅⇥⇥⇤
�

�6 (F⌃ + 2W⌃ �X⇥8) �⇤ + ⇥9

Mathematically rigorous proof that this is the most general 
scalar-tensor theory with second-order field equations in 4D

Horndeski’s theory

Horndeski (1974); Rediscovered by Charmousis et al. (2011)

LH = ��⇥⇤
µ⌅⇧

�
⇥1⇥µ⇥�⇤R ⌅⇧

⇥⇤ +
2
3
⇥1X⇥µ⇥�⇤⇥⌅⇥⇥⇤⇥⇧⇥⇤⇤

+⇥3⇥�⇤⇥µ⇤R ⌅⇧
⇥⇤ + 2⇥3X⇥�⇤⇥µ⇤⇥⌅⇥⇥⇤⇥⇧⇥⇤⇤

�

+��⇥
µ⌅

�
(F + 2W )R µ⌅

�⇥ + 2FX⇥µ⇥�⇤⇥⌅⇥⇥⇤ + 2⇥8⇥�⇤⇥µ⇤⇥⌅⇥⇥⇤
�

�6 (F⌃ + 2W⌃ �X⇥8) �⇤ + ⇥9

Mathematically rigorous proof that this is the most general 
scalar-tensor theory with second-order field equations in 4D

Generalized galileon = Modern rephrasing of Horndeski’s theory

TK, Yamaguchi, Yokoyama (2011)The dictionary

G2 = �9 + 4X

� X

dX � (�8� � 2�3��) ,

G3 = 6F� � 2X�8 � 8X�3� + 2
� X

dX �(�8 � 2�3�),

G4 = 2F � 4X�3,

G5 = �4�1

11



Cosmological tests of gravity
Large-scale structure tests 
– power spectra, weak lensing, ISW, …

ds2 = �(1 + 2�)dt2 + a2(1� 2�)dx2, � = ��/�̄, � = �̄ + ��

Modified evolution of density perturbations can be studied in 
a unified manner using Horndeski’s theory

Density perturbations
De Felice, TK, Tsujikawa (2011)

Evolution of density perturbation in any modified gravity w/ �

�̈k + 2H�k +
k2

a2
�k = 0

�k = �k �k = �(t, k)�k

GR Scalar-tensor theories

(Minimally coupled matter)

k2

a2
�k = �4�Ge�(t, k)��k

Ge�(t, k) = · · · , �(t, k) = · · ·The most general formulas:

k2

a2
�k = �4�G��k

12



Screened modified gravity from 
Horndeski’s theory

Why screening mechanism?
    participates in gravity dynamics:              (in Joran frame) 

Solar-system tests:

� � �= �

|�/�� 1| < O(10�4)

� must be screened in the vicinity of sources

13



Why screening mechanism?
    participates in gravity dynamics:              (in Joran frame) 

Solar-system tests:

� � �= �

|�/�� 1| < O(10�4)

� must be screened in the vicinity of sources

��� = ���� ��� ��� � ��� � ���

�=

Screened non-GR

Key idea

L = � 1
16�G

(��)2 + �T µ
µ

Scalar     coupled to matter with the same strength as gravity:�

�� = 8�G�

��� � ���

� · · ·(          dimensionless)

(Einstein frame)

14



Key idea

�     is effectively weakly coupled to matter in the vicinity 
of the source (in Einstein frame)

Small-scale tests can be evaded if

L = � 1
16�G

(��)2 + �T µ
µ

Scalar     coupled to matter with the same strength as gravity:�

�� = 8�G�

��� � ���

� · · ·(          dimensionless)

(Einstein frame)

Key idea
Introduce derivative self-interaction term:

�� � 8�G�

Lkin � �
1 + 4�r2

cG�

16�G
(��)2

�     is effectively weakly coupled to matter in the vicinity 
of the source (in Einstein frame)

Small-scale tests can be evaded if

L = � 1
16�G

�
(��)2 +

r2
c

2
(��)2��

�
+ �T µ

µ

15



Key idea

Vainshtein mechanism

Introduce derivative self-interaction term:

�� � 8�G�

Lkin � �
1 + 4�r2

cG�

16�G
(��)2

�     is effectively weakly coupled to matter in the vicinity 
of the source (in Einstein frame)

Small-scale tests can be evaded if

Ge� � G

Vainshtein (1972)

L = � 1
16�G

�
(��)2 +

r2
c

2
(��)2��

�
+ �T µ

µ

An illustrative example
L = � 1

16�G

�
(��)2 +

r2
c

2
(��)2��

�
+ �T µ

µ
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An illustrative example
L = � 1

16�G

�
(��)2 +

r2
c

2
(��)2��

�
+ �T µ

µ

Look for spherically symmetric solution:

�r

�
r2�r� + r2

cr(�r�)2
�

= 8�G�r2

An illustrative example
L = � 1

16�G

�
(��)2 +

r2
c

2
(��)2��

�
+ �T µ

µ

Look for spherically symmetric solution:

�r

�
r2�r� + r2

cr(�r�)2
�

= 8�G�r2

Algebraic equation for
�

�r�

r

�
+ r2

c

�
�r�

r

�2

=
rg

r3

�r�/r

17



An illustrative example
L = � 1

16�G

�
(��)2 +

r2
c

2
(��)2��

�
+ �T µ

µ

Look for spherically symmetric solution:

�r

�
r2�r� + r2

cr(�r�)2
�

= 8�G�r2

Algebraic equation for
�

�r�

r

�
+ r2

c

�
�r�

r

�2

=
rg

r3

�r�/r

�r�

r
=

1
2r2

c

�
�1 +

�
1 +

4rgr2
c

r3

�

An illustrative example
L = � 1

16�G

�
(��)2 +

r2
c

2
(��)2��

�
+ �T µ

µ

Look for spherically symmetric solution:

�r

�
r2�r� + r2

cr(�r�)2
�

= 8�G�r2

Algebraic equation for

Vainshtein radius rV :=
�
rgr

2
c

�1/3

�
�r�

r

�
+ r2

c

�
�r�

r

�2

=
rg

r3

�r�/r

�r�

r
=

1
2r2

c

�
�1 +

�
1 +

4rgr2
c

r3

�
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An illustrative example
L = � 1

16�G

�
(��)2 +

r2
c

2
(��)2��

�
+ �T µ

µ

Look for spherically symmetric solution:

�r

�
r2�r� + r2

cr(�r�)2
�

= 8�G�r2

Algebraic equation for

Vainshtein radius rV :=
�
rgr

2
c

�1/3

�r� �
rg

r2
� �r�

�r� �
�

r

rV

�3/2 rg

r2
� �r�

r � rV

r � rV

for

for

�
�r�

r

�
+ r2

c

�
�r�

r

�2

=
rg

r3

�r�/r

Screened inside Vainshtein radius!

�r�

r
=

1
2r2

c

�
�1 +

�
1 +

4rgr2
c

r3

�

rV

��� � ���

��� � ���

Estimate of Vainshtein radius:

Suppose rc = 3 Gpc

rV � 1 Mpc

rV � 100 pc M = M�

M = 1014 M�

for the Sun (                 )

for a galaxy cluster (                         )
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rV

��� � ���

��� � ���

Estimate of Vainshtein radius:

Suppose rc = 3 Gpc

rV � 1 Mpc

rV � 100 pc M = M�

M = 1014 M�

for the Sun (                 )

for a galaxy cluster (                         )

Lessons from this example:
Naively, scalar-tensor theory predicts 

However, non-linear derivative interaction can be large, 
leading to self-screening in the vicinity of source

�� � ��

r2
c����� � �� � �� (even if             )�� 1

Vainshtein from Horndeski

L = G2(X, �)�G3(X, �)�� + G4(X, �)R +
�G4

�X

�
(��)2 � (�µ���)2

�

+G5(X, �)Gµ��µ���� 1
6

�G5

�X

�
(��)3 � 3��(�µ���)2 + 2(�µ���)3

�

2 derivatives acting on    , central for implementing Vainshtein mech.

The most general theory exhibiting Vainshtein screening mechanism 
can be derived from Horndeski’s Lagrangian

�

Narikawa, TK, Yamauchi, Saito (2013); Koyama, Niz, Tasinato (2013)
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Vainshtein from Horndeski

L = G2(X, �)�G3(X, �)�� + G4(X, �)R +
�G4

�X

�
(��)2 � (�µ���)2

�

+G5(X, �)Gµ��µ���� 1
6

�G5

�X

�
(��)3 � 3��(�µ���)2 + 2(�µ���)3

�

2 derivatives acting on    , central for implementing Vainshtein mech.

The most general theory exhibiting Vainshtein screening mechanism 
can be derived from Horndeski’s Lagrangian

�

Narikawa, TK, Yamauchi, Saito (2013); Koyama, Niz, Tasinato (2013)

gµ� = �µ� + M�1
Pl hµ� , � = �0 + �

const.

Effective action for         andhµ� �

hµ� ,� = (mass)

M�1
Pl hµ� = O(�)

M�1
Pl � � O(�)

Taylor expand

Cosmological background … see Kimura, TK, Yamamoto (2012)

Vainshtein from Horndeski

L = G2(X, �)�G3(X, �)�� + G4(X, �)R +
�G4

�X

�
(��)2 � (�µ���)2

�

+G5(X, �)Gµ��µ���� 1
6

�G5

�X

�
(��)3 � 3��(�µ���)2 + 2(�µ���)3

�

2 derivatives acting on    , central for implementing Vainshtein mech.

The most general theory exhibiting Vainshtein screening mechanism 
can be derived from Horndeski’s Lagrangian

�

Narikawa, TK, Yamauchi, Saito (2013); Koyama, Niz, Tasinato (2013)

gµ� = �µ� + M�1
Pl hµ� , � = �0 + �

const.

Effective action for         andhµ� �

hµ� ,� = (mass)

M�1
Pl hµ� = O(�)

M�1
Pl � � O(�)

Taylor expand

Cosmological background … see Kimura, TK, Yamamoto (2012)
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Expansion scheme
Le� � (�h)2, (��)2, �h��,

�
(�h)2, (��)2, �h��

�
� (�2�)n,

(��)4(�2�)n, (�h)2(��)2(�2�)n, · · ·

2 derivatives acting on    , 
cubic or higher, but can be 
as large as quadratic terms 

�
Smaller than other terms

G3(�, X)�� � �G3�(��)2�1
2
G3X(��)2���G3�M�1

Pl hµ���µ��� + · · ·

Example:

Ignore mass term: G2(�, X) � G2���2

Effective theory for Vainshtein mech.

Le� = �1
2
hµ��Gµ�

+�Lgal
2 +

µ

�3
Lgal

3 +
�

�6
Lgal

4 +
�

�9
Lgal

5

��hµ�X(1)
µ� �

�

�3
hµ�X(2)

µ� +
�

2�6
hµ�X(3)

µ�

+
1

2MPl
hµ�Tµ�

: dimensionless coefficients�, µ, · · ·
� : mass scale (defined in the next slide)

Koyama, Niz, Tasinato (2013)
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Effective theory for Vainshtein mech.

Le� = �1
2
hµ��Gµ�

+�Lgal
2 +

µ

�3
Lgal

3 +
�

�6
Lgal

4 +
�

�9
Lgal

5

��hµ�X(1)
µ� �

�

�3
hµ�X(2)

µ� +
�

2�6
hµ�X(3)

µ�

+
1

2MPl
hµ�Tµ� Jordan frame

: dimensionless coefficients�, µ, · · ·
� : mass scale (defined in the next slide)
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hµ�X(2)
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hµ�X(3)
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Galileon terms
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�µ���: tensors constructed fromX(i)
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Some definitions

G4 =
M2

Pl

2
G4� = MPl�

G2X � 2G3� = �

�G3X + 3G4�X =
µ

�3

G4X �G5� =
MPl

�3
�,

G4XX �
2
3
G5�X =

�

�6
,

G5X = �3MPl

�6
�

G5XX = �3�

�9

Lgal
2 = �1

2
(��)2, Lgal

3 = �1
2
(��)2�2�, Lgal

4 = · · · ,

X(1)
µ� := �µ��2� � �µ���, X(2)

µ� = · · ·

DGP, galileons, and massive gravity can be reproduced by 
choosing appropriately �, �, µ, · · ·

Parameters of effective theory:

24



Frames de Rham, Gabadadze, Heisenberg, Pirtskhalava (2011)
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hµ�Tµ� (Jordan frame)

X(n)
µ� � (���)n
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Nonminimal coupling 
to matter
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– Mixing of      and� hµ�
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Spherically symmetric solutions
Narikawa, TK, Yamauchi, Saito (2013)

In terms of x(r) :=
1
�3

��

r
, A(r) :=

1
MPl�3

M(r)
8�r3 (enclosed mass)

EOMs (w/non-relativistic source) can be written as

�A(r) +
��

2
+ 3�2

�
x + [µ + 6�� � 3�A(r)]x2

+
�
� + 2�2 + 4��

�
x3 � 3�2x5 = 0

1
�3

��

r
= ��x + �x3 + A(r)

1
�3

��

r
= �x + �x2 + �x3 + A(r)

Solve quintic algebraic equation

x = x[A(r)] = x(r) �(r),�(r)

Density profile �(r) A(r) �M(r)/r3

A(r)

r

Su
rfa

ce

Va
in

sh
te

in
 ra

di
us

rV

A(r) =
�rV

r

�3

A(rV ) = 1

Screened Unscreened
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Asymptotically flat solution
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� �� � �� � ��
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28



Su
rfa

ce

Va
in

sh
te

in
 ra

di
us

rV

Screened Unscreened

Asymptotically flat solutionScreened solution

x � A� 1
� �� � �� � ��

1� x� x3 � A

� �� � �� � ��
�=

Asymptotically flat solutionScreened solution

x � A� 1
� �� � �� � ��

1� x� x3 � A

� �� � �� � ��
�=

Smooth matching of the two 
solutions is possible only for 
restricted range of coefficients

�, �, µ, · · ·

x(r)

r

M
at
ch
ing Narikawa, TK, Yamauchi, Saito (2013)
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The case of massive gravity

-4 -2 0 2 4
-4

-2

0

2

4

6

8

�

� =

�
5 +

�
13

24

�
�2

� = 0

Smooth matching is possible

Generic analysis [Narikawa et al. (2013)] 
correctly reproduces previous results 
[Sjors, Mortsell (2011); Sbisa et al. 
(2012)].

�
Decoupling limit of massive gravity

de Rham, Gabadadze, Tolley (2011)

2-parameter subclass of 
Horndeski’s theory 

=

� = 1, � �= 0, � �= 0,

others = 0

Stability of screened solution
� � �(r) + ��(t, r, �,�), �� � + ��, �� � + ��

L =
1
2

�
Kt(r)(�t��)2 �Kr(r)(�r��)2 �K�(r)(����)2

�
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Stability of screened solution
� � �(r) + ��(t, r, �,�), �� � + ��, �� � + ��

L =
1
2

�
Kt(r)(�t��)2 �Kr(r)(�r��)2 �K�(r)(����)2

�

(surface)� r � rV , � �= 0 KrK� < 0

Nonminimal coupling,                 , which cannot be removed 
by disformal transformation, is prohibited by stability

�h̃µ�X(3)
µ�

Koyama, Niz, Tasinato (2013)

Stability of screened solution
� � �(r) + ��(t, r, �,�), �� � + ��, �� � + ��

L =
1
2
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Kt(r)(�t��)2 �Kr(r)(�r��)2 �K�(r)(����)2
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(surface)� r � rV , � �= 0 KrK� < 0

Nonminimal coupling,                 , which cannot be removed 
by disformal transformation, is prohibited by stability

�h̃µ�X(3)
µ�

Koyama, Niz, Tasinato (2013)

Le� � +��µ����Tµ� � +��(�t��)2

is required for avoiding ghost� � 0
Berezhiani, Chkareuli, 
Gabadadze (2013)
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Le� � +��µ����Tµ� � +��(�t��)2

is required for avoiding ghost� � 0
Berezhiani, Chkareuli, 
Gabadadze (2013)

Taylor coefficients are strongly constrained by stability

The case of massive gravity
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�

�

Matching of asymptotically 
flat and screened solutions

Stability

No stable, asymptotically flat, 
screened solution in decoupling 
limit of massive gravity
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Some other topics

Application to inflation
Horndeski’s theory can be used as well to describe all 
single-field inflation models – Generalized G-inflation 

!

Higgs inflation 
– Consistent with observations if nonminimal coupling or 
nonstandard kinetic term is introduced 
 
– All of those models can be studied in a unified manner 
using Horndeski’s theory  
 
– Higgs G(alileon)-inflation

TK, Yamaguchi, Yokoyama (2011)

Talk by Taro Kunimitsu on Thursday

Cervantes-Cota, Dehnen (1995); Bezrukov, Shaposhnikov (2008); ……

Kamada et al. (2012)

Kamada et al. (2011, 2013)
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Stable violation of NEC
Einstein gravity + “                      ”  
– Null energy condition (NEC) 
 
 
is forced by stability 

Galileon terms stabilize fluctuations around NEC 
violating background 

L� = P (�, X)

Nicolis et al. (2009); Creminelli et al. (2012); Hinterbichler et al. (2013)

�2M2
PlḢ = � + P > 0

Stable violation of NEC
Einstein gravity + “                      ”  
– Null energy condition (NEC) 
 
 
is forced by stability 

Galileon terms stabilize fluctuations around NEC 
violating background 

L� = P (�, X)

Nicolis et al. (2009); Creminelli et al. (2012); Hinterbichler et al. (2013)

�2M2
PlḢ = � + P > 0

“Galilean genesis”
H

t

Ḣ > 0

~ MinkowskiStarting the Universe 
from Minkowski?
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Galilean genesis
Example: 

!

!

More complicated DBI-type Lagrangian

L� = a1e
2��X + a2X

2 + a3X��

e�� � 1
(�t)

, H � 1
(�t)3

, a = 1 +
const
(�t)2

(�� < t < 0)Genesis solution –

Ḣ > 0, Minkowski in asymptotic past, stable

Nicolis et al. (2009); 
Creminelli et al. (2012)

Hinterbichler et al. (2013)

Galilean genesis
Example: 

!

!

More complicated DBI-type Lagrangian

TK, Nishi, Tanahashi, Yamaguchi, in preparation

See poster by Sakine Nishi (P20)

L� = a1e
2��X + a2X

2 + a3X��

e�� � 1
(�t)

, H � 1
(�t)3

, a = 1 +
const
(�t)2

(�� < t < 0)Genesis solution –

Ḣ > 0, Minkowski in asymptotic past, stable

Nicolis et al. (2009); 
Creminelli et al. (2012)

Hinterbichler et al. (2013)

G2 = e4��g2(Y ), G3 = e2��g3(Y ), G4 =
M2

Pl

2
+ e2��g4(Y ),

G5 = e�2��g5(Y ), where Y = e�2��X

All those models admitting genesis solution can be 
described by 

!

!

Matching to standard cosmology, perturbations, … 
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Matching to standard cosmology, perturbations, … 

Multi-field extension?
Take the same route…

Multi-galileons in flat space L =
N�

I,J,K,···=1

�
aIJXIJ + bIJKXIJ�2�K + · · ·

�

where XIJ := �1
2
�µ�I�µ�J

�µ�I � �µ�I + bI
µGalilean shift symmetry:

Deffayet et al. (2010); Padilla et al. (2010)
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Multi-field extension?
Take the same route…

Multi-galileons in flat space

Covariant multi-galileons

Generalized multi-galileons

Covariantize

Promote           to functions of      and
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XIJ �I XIJ

Padilla, Sibanesan (2013)
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Application to multi-field inflation – Multi-field G-inflation
TK, Tanahashi, Yamaguchi (2013)

L = P (XIJ ,�K)More general than

Generalized multi-galileons
L = G2(XIJ ,�K)�G3L(XIJ ,�K)��L + G4(XIJ ,�K)R

+G4,�IJ�
�
��I��J ��µ���I�µ���J

�
+ G5L(XIJ ,�K)Gµ��µ���L

�1
6
G5I,�JK�

�
��I��J��K � 3��(I�µ���J�µ���K) + 2�µ���I�����J���µ�K

�

Symmetrized derivative:

G,�IJ� :=
1
2

�
�G

�XIJ
+

�G

�XJI

�
2nd-order equations are maintained by imposing that

G3IJK := G3I,�JK�, G4IJKL := G4,�IJ�,�KL�,

G5IJK := G5I,�JK�, G5IJKLM := G5IJK,�LM�,

are symmetric in all of indices I, J, K, …

Is this the most general multi-scalar-tensor theory 
with 2nd-order field equations?

– Padilla and Sibanesan conjectured YES

Padilla, Sibanesan (2013)
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This is NOT the most general
TK, Tanahashi, Yamaguchi (2013)

Counterexample: generalization of multi-field DBI
Renaux-Petel et al. (2011) 

L =
�
��

�
�� +

M2

2
R[�]

�
�µ� = gµ� + f�IJ�µ�I���J

This is NOT the most general
TK, Tanahashi, Yamaguchi (2013)

Counterexample: generalization of multi-field DBI
Renaux-Petel et al. (2011) 

L =
�
��

�
�� +

M2

2
R[�]

�
�µ� = gµ� + f�IJ�µ�I���J

Usual multi-DBI
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This is NOT the most general
TK, Tanahashi, Yamaguchi (2013)

Counterexample: generalization of multi-field DBI
Renaux-Petel et al. (2011) 

L =
�
��

�
�� +

M2

2
R[�]

�
�µ� = gµ� + f�IJ�µ�I���J

Usual multi-DBI
L � �IJ�KLLµ����µ�I���J���K���L

Lµ��� := Rµ��� + · · · · · · : Double-dual Riemann

This is NOT the most general
TK, Tanahashi, Yamaguchi (2013)

Counterexample: generalization of multi-field DBI
Renaux-Petel et al. (2011) 

L =
�
��

�
�� +

M2

2
R[�]

�
�µ� = gµ� + f�IJ�µ�I���J

Usual multi-DBI
L � �IJ�KLLµ����µ�I���J���K���L

Lµ��� := Rµ��� + · · · · · · : Double-dual Riemann

Nonzero provided that spacetime is curved and there 
are multiple fields

2nd-order field equations
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This is NOT the most general
TK, Tanahashi, Yamaguchi (2013)

Counterexample: generalization of multi-field DBI
Renaux-Petel et al. (2011) 

L =
�
��

�
�� +

M2

2
R[�]

�
�µ� = gµ� + f�IJ�µ�I���J

Usual multi-DBI
L � �IJ�KLLµ����µ�I���J���K���L

Lµ��� := Rµ��� + · · · · · · : Double-dual Riemann

Nonzero provided that spacetime is curved and there 
are multiple fields

2nd-order field equations

Not included in generalized multi-galileons (even 
after integration by parts)

Summary
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Horndeski’s theory – the most general scalar-
tensor theory with second-order field equations – is 
a very useful framework for studying modified gravity 
(and other interesting aspects of cosmology) 

!

Vainshtein mechanism – screening fifth force 

!

The most general multi-scalar-tensor theory 
– incomplete; need more systematic way

Ongoing project w/ Gao, Ohashi, Tanahashi, Yamaguchi

Thank you
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Examples
Nonminimal coupling (traditional scalar-tensor theory, f(R), …) 

!

DGP effective theory (= cubic galileon) 

!

Decoupling limit of massive gravity 

!

Nonminimal coupling to Gauss-Bonnet

G4(�, X) = f(�) f(�)R

G3(�, X) = X X��

G4 =
M2

Pl

2
+ MPl� +

MPl

�3
�X, G5 = �3

MPl

�6
�X

G2 = 8�(4)X2(3� lnX), G3 = 4�(3)X(7� 3 ln X),

G4 = 4�(2)X(2� lnX), G5 = �4�(1) lnX, �(n) :=
�n�

��n

�(�)
�
Rµ���Rµ��� � 4Rµ�Rµ� + R2

�
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“Derivative interactions in nonlinear massive gravity”

by Rampei Kimura

[JGRG23(2013)110502]
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Derivative interactions in  
nonlinear massive gravity

Rampei Kimura 
RESCEU, University of Tokyo 
!
JGRG 2013 @ Hirosaki University 
!
Based on  
RK, Daisuke Yamauchi 
Phys. Rev. D 88, 084025 (2013) [arXiv:308.0523]

Contents of this talk

1. Fierz-Pauli and dRGT massive gravity 

2. Derivative interaction in Fierz-Pauli massive gravity 

3. Nonlinear derivative interactions 

4. Summary
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Motivation

Can we construct healthy massive gravity?

“Linear” massive gravity

• Fierz-Pauli massive gravity (Fierz, Pauli, 1939)

gµ⌫ = ⌘µ⌫ + hµ⌫

S = M

2
Pl

Z
d

4
x


�1

2
h

µ⌫E↵�
µ⌫ h↵� � 1

4
m

2(hµ⌫h
µ⌫ � h

2)

�

E↵�
µ⌫ h↵� = �1

2
(⇤hµ⌫ � @µ@↵h

↵
⌫ � @⌫@↵h

↵
µ + @µ@⌫h

↵
↵ � ⌘µ⌫⇤h↵

↵ + ⌘µ⌫@↵@�h
↵
� )

Only allowed mass term  
which does not have ghost at linear order

Linearized  
Einstein-Hilbert term

(1)  Linear theory 
(2)  Lorentz invariant theory 
(3)  No ghost at linear order (5 DOF) 
(4)  Simple nonlinear extension contains ghost at nonlinear level 
　  (Boulware-Deser ghost, 6th DOF) (Boulware, Deser, 1971)
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“Nonlinear” massive gravity

• de Rham-Gabadadze-Tolley massive gravity (de Rham, Gabadadze, Tolley, 2011)

Vainshtein screening in quasi-dilaton theory

Rampei Kimura∗

Research Center for the Early Universe (RESCEU),
The University of Tokyo, Tokyo, 113-0033, Japan

Gregory Gabadadze†

Center for Cosmology and Particle Physics, Department of Physics,
New York University, New York, NY 10003, USA

(Dated: April 9, 2013)

Quasi-dilaton theory is the candidate for massive gravity theory, which couples to an addititonal
scalar degrees of freedom. Similarly to dRGT massvie gravity theory, there is no BD ghost in this
thoery. In this paper, we show that there is no usual solution, which posses Vainshtein mechanism.
Insted, we only have cosmological solution. We clarly show that assymptotically Minkowski solution
has always ghost in the scalar modes in the decoupling limit of the theory.

I. INTRODUCTION

It is now belived that general relativity is the theory of gravity, which describe solar system scale and it has been
tested for a long decade. It seems that there is no contradiction within tests in our solar system scales. However, if
we extend this theory to ”cosmology”, we still have a number of question that we can not understand yet. One is
the existance of dark matter, and this is now believed as some particle that we have not discovered yet. Nonetheless
this unknow matter could be of the form of some energy or be part of the theory of gravity. Another example is dark
energy, which is responsible for current cosmic accleration of the universe, and this existance has not confirmed yet.
This unknow energy constitues 72 percent of the energy in the universe. One possible solution is the cosmological
constant, but this model suffers from the cosmological constant porblem.
There might be a chance to explain this cosmic acceleration, for example, modification of gravity or other fluid

that we have not discovered yet. As a candiate of alternative theory of gravity, massive gravity has been recently
attracted considerable attention. In 1939, Pauli and Fierz found that the ”linearized” massive gravity which does
not possess ghost. This theory is based on general relativity, and the mass is measured by the difference between
the fluctuation of the metric and Minkowski metric. However, Boulwer and Deser found that there is always ghost
at nonlienar level. Now we have ghost free massive gravity constructed by de Rham, Gabadadze, and Tolley. This
includes all the nonliear terms and describe massive spin-2 particle. Now we have some question whether we can add
the additional scalar model in massive gravity, and this has been done by [] by introducing new symmetry, called
quasi-dilaton theory. This model contains massive spin-2 mode, whose number of degree of freedom is five, and one
dilaton mode. It is still opened question whether we have Vainshtein mechanism in this thoery.
In this paper, we examine the Vainshtein mechanism in quasi-dilaton theory.

II. THEORY

The action for massive gravity can be described by

SMG =
M2

Pl

2

∫
d4x

√
−g

[
R− m2

4
(U2 + α3U3 + α4U4)

]
+ Sm[gµν ,ψ] (1)

where the potential of the massive graviton is given by

U2 = 2εµαρσε
νβρσKµ

νKα
β = 4

(
[K2]− [K]2

)

U3 = εµαγρε
νβδρKµ

νKα
βK

γ
δ = −[K]3 + 3[K][K2]− 2[K3]

U4 = εµαγρε
νβδσKµ

νKα
βK

γ
δK

ρ
σ = −[K]4 + 6[K]2[K2]− 3[K2]2 − 8[K][K3] + 6[K4] (2)

∗Email: rampei"at"theo.phys.sci.hiroshima-u.ac.jp
†Email: **"at"**

φa is called Stuckelberg field, which 
restores general covariance

U2 = "µ↵⇢�"
⌫�⇢�Kµ

⌫K↵
�

U3 = "µ↵�⇢"
⌫��⇢Kµ

⌫K↵
�K

�
�

U4 = "µ↵�⇢"
⌫���Kµ

⌫K↵
�K

�
�K

⇢
�

Kµ
⌫ = �µ⌫ �

p
�µ⌫ �Hµ

⌫

= �µ⌫ �
p

⌘abgµ↵@↵�a@⌫�b

(1)  Nonlinear theory 
(2)  Lorentz invariant theory 
(3)  No ghost at full order (5 DOF, No BD ghost) (Hassan, Rosen, 2011) 
(4)  Unique theory of massive spin-2 field as an extension of general relativity

Derivative interaction

• Derivative interaction in Fierz-Pauli theory (Kurt Hinterbichler, 2013)spin-2 theories, which is given by

L2,3 ∼ M2
Pl ε

µνρσεαβγδ∂µ∂α hνβ hργ hσδ, (2)

in four dimension. Here εµνρσ is the Levi-Civita symbol normalized so that ε0123 =
−1. The anti-symmetric structure of Eq. (2) prevents h00 from appearing nonlin-
early, thus this term is definetly linear in h00, and it becomes Lagrange multiplier,
which produces a Hamiltonian constraint. However, h00 itself does not give a Hamil-
tonian constraint in de Rham-Gabadadze-Tolley massive gravity, hence it is not for
sure that there exists a nonlinear version of derivative interaction Eq. (2).

In this paper, we extend dRGT massive gravity theory by introducing ”nonlin-
ear” derivative interactions and investigate whether this ghost-free derivative inter-
action is consistent theory or not. In section 2, we briefly review dRGT massive
gravity and Λ3 theory in the decoupling limit. In section 3, we construct the most
general Lagrangian of nonlinear derivative interactions. In section 4, we investigate
consistency of the nonlinear derivative interactions introduced in section 3 by using
ADM formalism.

Throughout the paper, we use units in which the speed of light and the Planck
constant are unity, c = ! = 1, and MPl is the reduced Planck mass related with
Newton’s constant by MPl = 1/

√
8πG. We follow the metric signature convention

(−,+,+,+). Some contractions of rank-2 tensor is denoted by Kµ
µ = [K], Kµ

νKν
µ =

[K2], Kµ
αKα

βKβ
µ = [K3], and so on.

2 de Rham-Gabadadze-Tolley massive gravity

The action for ghost-free massive gravity is given by [7, 8]

SMG =
M2

Pl

2

∫
d4x

√
−g

[
R− m2

4
(U2 + α3U3 + α4U4)

]
+ Sm[gµν ,ψ], (3)

where potentials are given by

U2 = 2εµαρσε
νβρσKµ

νKα
β = 4

(
[K2]− [K]2

)
,

U3 = εµαγρε
νβδρKµ

νKα
βK

γ
δ = −[K]3 + 3[K][K2]− 2[K3],

U4 = εµαγρε
νβδσKµ

νKα
βK

γ
δK

ρ
σ (4)

= −[K]4 + 6[K]2[K2]− 3[K2]2 − 8[K][K3] + 6[K4],

and

Kµ
ν = δµν −

√
δµν −Hµ

ν

= δµν −
√
ηabgµα∂αφa∂νφb. (5)

Here α3 and α4 are constants, the fluctuation tensor Hµν is defined by Hµν =
gµν−ηab∂µφa∂νφb, and φa is called Stuckelberg field, which is responsible for restoring

3

Levi-Civita structure ensures that the Lagrangian is linear in h00

→　h00 becomes a Lagrange multiplier, which kills BD ghost

Our work : Is there any consistent “nonlinear” derivative interactions  
                       in de Rham-Gabadadze-Tolley massive gravity??

UFP = "µ↵⇢�"⌫�⇢�hµ⌫h↵�

→　h00 becomes a Lagrange multiplier

SMG =
M

2
Pl

2

Z
d

4
x

p
�g


R� m

2

4
(U2 + ↵3U3 + ↵4U4)

�
+ Sint + Sm[gµ⌫ , ],

• Fierz-Pauli mass term
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Decoupling limit

• Decoupling limit : Easy to capture high energy behavior within Compton 
wavelength of massive graviton

•  dRGT Lagrangian in the decoupling limit

de Rham, Gabadadze (2010)

There are a number of candidates of nonlinear derivative interaction terms such as

Lint ⊃ M2
Pl

√
−gHR, M 2

Pl

√
−gH2R, M2

Pl

√
−gH3R, · · ·. (9)

Here we set the mass scale to be M2
Pl for requirement 2. First, we count the energy

scale in the decoupling limit. From Eq. (6), Hµν undergoes the following transfor-
mation,

Hµν → hµν

MPl
+ 2

∂µ∂νπ

MPlm2
− ∂µ∂απ∂µ∂απ

M2
Plm

4
, (10)

then the canonically normalized Lagrangian can be schematically written as

Lint ∼ Λ2−nh−3nπ
λ hnh−1∂2h (∂2π)nπ , (11)

where we defiened the energy scale

Λλ = (Mpm
λ−1)1/λ, λ =

nh + 3nπ − 2

nh + nπ − 2
. (12)

Here nh ≥ 1 and nπ ≥ 1. For the lowest order of hµν , nh = 1, the energy scales are
Λ5 for nπ = 2, Λ4 for nπ = 3, and Λ11/3 for nπ = 4, where are lower energy scales
than Λ3. Therefore, in order to satisfy the requirement 2, these term ∂2h (∂2π)nπ

has to be eliminated by the construction of Lagrangian, and we show that such
eliminations are possible for derivative interaction in the next section. For the next
order of hµν , nh = 2, the energy scale is always Λ3 and irrelevant with the value of
nπ, which automatically satisfies the requirement 3.

3.1 HR order

In this subsection we start with lowest order terms in a general form,

Lint,1 = M2
Pl

√
−gHµν(R

µν + dRgµν), (13)

where d is a constant. To determine the constant d, we first take unitary gauge,
Hµν = hµν , and linearlize the Lagrangian around Minkowski spacetime, gµν = ηµν +
hµν . Then the lowest order of Lint,1 gives order of (∂h)2, which is the same order of
quadratic Lagrangian of Einstein-Hibert term. In order to satisfy the requirement 1,
we require the quadratic action of Lint,1 has to be proportional to Einstein-Hilbert
term,

L(2)
int,1 ∝ M2

Pl

[√
−gR

]

h2

. (14)

Therefore, we require d = −1/2. Note that Lint,1 can be written in terms of Riemann
dual tensor,

Lint,1 = M2
Pl

√
−gεµνρσεαβγσRµανβ Hργ . (15)

5

general covariance of the theory [17]. The Stuckelberg field is arbitrary, and choosing
the unitary gauge, φa = xa, reduces to Fierz-Pauli massive gravity at linear level.

The decoupling limit is very convenient to capture high energy behavior below the
Compton wavelength of graviton mass. Due to the decoupling of vector modes, we
can safely ignore the vector modes in the decoupling limit. Usually the Stuckelberg
field can be expanded around the unitary gauge,

φa = δaµx
µ − ηaµ∂µπ/MPlm

2, (6)

where π describes the scalar mode of massive graviton. We also expand the physical
metric as gµν = ηµν + hµν . Thus we can extract the tensor and scalar mode in
massive graviton with taking some limits,

MPl → ∞, m → 0, Λ3 = (MPlm
2)1/3 = fixed,

Tµν

MPl
= fixed. (7)

Then the action in the decoupling limit is given by

LDL = −1

4
hµνEαβ

µν hαβ − hµν

[
1

4
ε ργα
µ ε β

νργ Παβ +
3α3 + 4

16Λ3
3

ε γαρ
µ ε βσ

νγ ΠαβΠρσ

+
α3 + 4α4

16Λ6
3

ε αγρ
µ ε βδσ

ν ΠαβΠγδΠρσ

]
+

1

MPl
hµνTµν ,(8)

where we defined Πµν ≡ ∂µ∂νπ. The Λ3 is the cutoff energy scale of this theory, and
the theory above Λ3 can not be trusted. The self-interactions of the scalar mode
become the total derivative in the decoupling limit, therefore, BD ghost does not
appear at nonliear level. In addition, it is very clear that remaining equations of
motion for both hµν and π is the second order differential equation, which prevents
BD ghost from appearing in the theory.

3 Construction of Lagrangians

Now we want to add nonlinear derivative interaction terms in dRGT massive gravity.
To the end, we require the following restrictions :

1. Linearlization of hµν reproduces Fierz-Pauli massive gravity. (This is equiv-
alent with requiring Lorentz invariance and absence of Boulware-Daser ghost
at linear level.)

2. Cut off energy scale is Λ3 (All nonlinear terms with energy scales below Λ3 in
the decoupling limit has to be eliminated.).

3. A derivative interaction term should contribute at the energy scale Λ3.

4. The resultant theory does not have Boulware-Daser ghost.

4

LDL = �1

4
hµ⌫E↵�

µ⌫ h↵� +
1

MPl
hµ⌫Tµ⌫

� hµ⌫


1

4
" ⇢�↵
µ " �

⌫⇢� ⇧↵� +
3↵3 + 4

16⇤3
3

" �↵⇢
µ " ��

⌫� ⇧↵�⇧⇢� +
↵3 + 4↵4

16⇤6
3

" ↵�⇢
µ " ���

⌫ ⇧↵�⇧��⇧⇢�

�

Galileon type interactions

Standard gravity part

•  2nd order differential EOM (NO BD ghost) 
•  Cutoff energy scale is Λ3

⇧µ⌫ = @µ@⌫⇡

""⇧ ⌘ "µ↵��"⌫↵��@µ@⌫⇡

"µ"⌫⇧ ⌘ " ↵��
µ " �

⌫ ��@↵@�⇡

π is the scalar mode  
of massive graviton

Guidelines for construction of Lagrangian

(1)  Linearization of hμν reproduces Fierz-Pauli theory 

• Lorentz invariance 

• Free of Boulware-Deser ghost at linear level 

(2)  Cut off energy scale is Λ3 

• All nonlinear terms below Λ3  have to be eliminated 

(3)  Free of Boulware-Deser ghost

• Candidates for derivative interactions by using the Riemann tensor There are a number of candidates of nonlinear derivative interaction terms such as

Lint ⊃ M2
Pl

√
−gHR, M 2

Pl

√
−gH2R, M2

Pl

√
−gH3R, · · ·. (9)

Here we set the mass scale to be M2
Pl for requirement 2. First, we count the energy

scale in the decoupling limit. From Eq. (6), Hµν undergoes the following transfor-
mation,

Hµν → hµν

MPl
+ 2

∂µ∂νπ

MPlm2
− ∂µ∂απ∂µ∂απ

M2
Plm

4
, (10)

then the canonically normalized Lagrangian can be schematically written as

Lint ∼ Λ2−nh−3nπ
λ hnh−1∂2h (∂2π)nπ , (11)

where we defiened the energy scale

Λλ = (Mpm
λ−1)1/λ, λ =

nh + 3nπ − 2

nh + nπ − 2
. (12)

Here nh ≥ 1 and nπ ≥ 1. For the lowest order of hµν , nh = 1, the energy scales are
Λ5 for nπ = 2, Λ4 for nπ = 3, and Λ11/3 for nπ = 4, where are lower energy scales
than Λ3. Therefore, in order to satisfy the requirement 2, these term ∂2h (∂2π)nπ

has to be eliminated by the construction of Lagrangian, and we show that such
eliminations are possible for derivative interaction in the next section. For the next
order of hµν , nh = 2, the energy scale is always Λ3 and irrelevant with the value of
nπ, which automatically satisfies the requirement 3.

3.1 HR order

In this subsection we start with lowest order terms in a general form,

Lint,1 = M2
Pl

√
−gHµν(R

µν + dRgµν), (13)

where d is a constant. To determine the constant d, we first take unitary gauge,
Hµν = hµν , and linearlize the Lagrangian around Minkowski spacetime, gµν = ηµν +
hµν . Then the lowest order of Lint,1 gives order of (∂h)2, which is the same order of
quadratic Lagrangian of Einstein-Hibert term. In order to satisfy the requirement 1,
we require the quadratic action of Lint,1 has to be proportional to Einstein-Hilbert
term,

L(2)
int,1 ∝ M2

Pl

[√
−gR

]

h2

. (14)

Therefore, we require d = −1/2. Note that Lint,1 can be written in terms of Riemann
dual tensor,

Lint,1 = M2
Pl

√
−gεµνρσεαβγσRµανβ Hργ . (15)

5

Hµ⌫ = gµ⌫ � ⌘ab@µ�
a@⌫�

b

• Guidelines
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Derivative interactions and its energy scales

• General form of LagrangianThere are a number of candidates of nonlinear derivative interaction terms such as

Lint ⊃ M2
Pl

√
−gHR, M 2

Pl

√
−gH2R, M2

Pl

√
−gH3R, · · ·. (9)

Here we set the mass scale to be M2
Pl for requirement 2. First, we count the energy

scale in the decoupling limit. From Eq. (6), Hµν undergoes the following transfor-
mation,

Hµν → hµν

MPl
+ 2

∂µ∂νπ

MPlm2
− ∂µ∂απ∂µ∂απ

M2
Plm

4
, (10)

then the canonically normalized Lagrangian can be schematically written as

Lint ∼ Λ2−nh−3nπ
λ hnh−1∂2h (∂2π)nπ , (11)

where we defiened the energy scale

Λλ = (Mpm
λ−1)1/λ, λ =

nh + 3nπ − 2

nh + nπ − 2
. (12)

Here nh ≥ 1 and nπ ≥ 1. For the lowest order of hµν , nh = 1, the energy scales are
Λ5 for nπ = 2, Λ4 for nπ = 3, and Λ11/3 for nπ = 4, where are lower energy scales
than Λ3. Therefore, in order to satisfy the requirement 2, these term ∂2h (∂2π)nπ

has to be eliminated by the construction of Lagrangian, and we show that such
eliminations are possible for derivative interaction in the next section. For the next
order of hµν , nh = 2, the energy scale is always Λ3 and irrelevant with the value of
nπ, which automatically satisfies the requirement 3.

3.1 HR order

In this subsection we start with lowest order terms in a general form,

Lint,1 = M2
Pl

√
−gHµν(R

µν + dRgµν), (13)

where d is a constant. To determine the constant d, we first take unitary gauge,
Hµν = hµν , and linearlize the Lagrangian around Minkowski spacetime, gµν = ηµν +
hµν . Then the lowest order of Lint,1 gives order of (∂h)2, which is the same order of
quadratic Lagrangian of Einstein-Hibert term. In order to satisfy the requirement 1,
we require the quadratic action of Lint,1 has to be proportional to Einstein-Hilbert
term,

L(2)
int,1 ∝ M2

Pl

[√
−gR

]

h2

. (14)

Therefore, we require d = −1/2. Note that Lint,1 can be written in terms of Riemann
dual tensor,

Lint,1 = M2
Pl

√
−gεµνρσεαβγσRµανβ Hργ . (15)

5

There are a number of candidates of nonlinear derivative interaction terms such as

Lint ⊃ M2
Pl

√
−gHR, M 2

Pl

√
−gH2R, M2

Pl

√
−gH3R, · · ·. (9)

Here we set the mass scale to be M2
Pl for requirement 2. First, we count the energy

scale in the decoupling limit. From Eq. (6), Hµν undergoes the following transfor-
mation,

Hµν → hµν

MPl
+ 2

∂µ∂νπ

MPlm2
− ∂µ∂απ∂µ∂απ

M2
Plm

4
, (10)

then the canonically normalized Lagrangian can be schematically written as

Lint ∼ Λ2−nh−3nπ
λ hnh−1∂2h (∂2π)nπ , (11)

where we defiened the energy scale

Λλ = (Mpm
λ−1)1/λ, λ =

nh + 3nπ − 2

nh + nπ − 2
. (12)

Here nh ≥ 1 and nπ ≥ 1. For the lowest order of hµν , nh = 1, the energy scales are
Λ5 for nπ = 2, Λ4 for nπ = 3, and Λ11/3 for nπ = 4, where are lower energy scales
than Λ3. Therefore, in order to satisfy the requirement 2, these term ∂2h (∂2π)nπ

has to be eliminated by the construction of Lagrangian, and we show that such
eliminations are possible for derivative interaction in the next section. For the next
order of hµν , nh = 2, the energy scale is always Λ3 and irrelevant with the value of
nπ, which automatically satisfies the requirement 3.

3.1 HR order

In this subsection we start with lowest order terms in a general form,

Lint,1 = M2
Pl

√
−gHµν(R

µν + dRgµν), (13)

where d is a constant. To determine the constant d, we first take unitary gauge,
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• General Lagrangian of HR order
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HR order term in the decoupling limit

• The lowest order term in the decoupling limit

This is not zero or total derivative

Total derivative

As we stated in the beginning of this section, the energy scale of nh = 1 terms in
the decoupling limit is potentially dengerous and these terms has to be eliminated.
Therefore, we take the decoupling limit of the Lagrangian Lint,1. Using the property,

[√
−gεµνρσεαβγσRµανβ

]

h

= −εµνρσεαβγσ∂µ∂α hνβ, (16)

the lowest order term for nh = 1 is given by

Lint,1

∣∣∣∣
∂2h ∂2π

= − 2

m2
εµνρσεαβγσ∂µ∂α hνβ ∂ρ∂γπ

= − 2

m2
∂γ(ε

µνρσεαβγσ∂µ∂α hνβ ∂ρπ). (17)

This is nothing but a total derivative and a cancellation of ∂2h ∂2π term is automat-
ically satisfied by the anti-symmetric structure of Lint,1. However, the next order
nπ = 2 is not total derivative,

Lint,1

∣∣∣∣
∂2h (∂2π)2

=
1

Λ5
5

εµνρσεαβγσ∂µ∂α hνβ ∂ρ∂aπ∂
a∂γπ. (18)

Only way to eliminate this term is adding the next order Lagrangian,

Lint,1,2 =
1

4
M2

Pl

√
−gεµνρσεαβγσRµανβ HρaH

a
γ. (19)

This Lagrangian clearly produces the couter term of Eq.(18), but it contains nπ = 3
term,

Lint,1.2

∣∣∣∣
∂2h (∂2π)3

=
1

Λ8
4

εµνρσεαβγσ∂µ∂α hνβ ∂ρ∂aπ∂
a∂bπ∂

b∂γπ. (20)

This nπ = 3 term can be also elimianted by adding the Lagrangian,

Lint,1,3 =
1

8
M2

Pl

√
−gεµνρσεαβγσRµανβ HρaH

a
bH

b
γ. (21)

Then we can perform the same procedure to eliminate nh = 1 term in the decoupling
limit by introducing appropriate counter term. One can notice that the coefficients
of counterparts has the following recursive relation,

d̄n = −
i≤N/2∑

i=1

1

2n
(−1)i 2n−2i

n−iCi d̄n−i. (22)

This coefficient is nothing but the expansion coefficients ofK tensor, d̄n = (2n)!/((1−
2n)(n!)24n). Using the expanded expression of (5),

Kµ
ν = −

∞∑

n=1

d̄n(H
n)µν , (23)
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The counter part of this term can eliminate this term
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HR order term in the decoupling limit
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Automatically total derivative

• HR order Lagrangian
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HR order term

• The total Lagrangians including counter terms is given by
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Pl
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64
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� + · · ·

◆

= 2K⇢�

This coefficient is nothing but the expansion coefficients ofK tensor, d̄n = (2n)!/((1−
2n)(n!)24n). Using the expanded expression of (5),

Kµ
ν = −

∞∑

n=1

d̄n(H
n)µν , (24)

the Lagrangian can be resummed by using K tensor,

Lint,1 = M2
Pl

√
−gεµνρσεαβγσRµανβ Kργ. (25)

This Lagrangian does not have the terms of the energy scale below Λ3, and nonlinear
term contributes at Λ3. Note that from the definition of K tensor, Kµν |hµν=0 ≡
∂µ∂νπ, we have only one nh = 1 term, and K tensor ensures nh = 1 term to be a
total derivative in the decoupling limit.

3.2 H2R order

Next we want to consider next order Lagrangian, H2R. Since we want to eliminate
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This is the only combination that the lowest order Λ5 term 
becomes a total derivative

• H3R or higher order terms??

In four dimension, there is no total derivative combination of the lowest 
order term in the decoupling limit 

55



General derivative interaction Lagrangians

• In 4 dimension, the derivative interaction for massive graviton is

• We can also construct derivative interactions in arbitrary dimensions D

Lint = M2
Pl

p
�g "µ⌫⇢�"↵���Rµ↵⌫� (↵ g⇢� K�� + �K⇢� K��)

α and β are parameters 

d is even number

2  d  m  D � 1

These Lagrangians satisfy the requirements (1) and (2)

L(D,d,m)
int =MD�2

Pl m2�dp�g "µ1µ2···µD"⌫1⌫2···⌫DRµ1⌫1µ2⌫2 · · ·Rµd�1⌫d�1µd⌫d

⇥ gµd+1⌫d+1 · · · gµm⌫m Kµm+1⌫m+1 · · · KµD⌫D

Boulware-Deser ghost??

• Λ3 theory in the decoupling limit

• We constructed the general nonlinear derivative interactions, but we still need 
to check the requirement (3) : the existence of BD ghost 

There are extra degrees of freedom, which leads to ghost...

Ghost appears at Λ3

LDL ⇠ 1

⇤3
3

⇡


R2 � 4Rµ⌫R

µ⌫ +Rµ⌫⇢�R
µ⌫⇢�

�

h2

+
1

⇤3n⇡
3

O[h@2h (@2⇡)n⇡ ]

These terms yield 4th order 
differential Eq for h and π

EOM is 2nd order differential equation
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Other derivative interactions (in progress)

• In 4 dimension, we found other Λ3 derivative interactions without the Riemann 
tensor

We cannot kill higher derivative terms in EOM even if we combine all four 
derivative interaction terms…

• Λ3 theory in the decoupling limit

LDL ⇠ 1

⇤3
3

⇡


R2 � 4Rµ⌫R

µ⌫ +Rµ⌫⇢�R
µ⌫⇢�

�

h2

+
1

⇤3n⇡
3

O[h@2h (@2⇡)n⇡ ]

EOM is 2nd order differential equation 
(coming from L’int,2)

These terms yield 4th order 
differential Eq for h and π 
(coming from L’int,1 and L’int,2)

L0
int,1 = M2

Pl

p
�g "µ⌫⇢�"↵��� r↵K⌫� rµK⇢� ,

L0
int,2 = M2

Pl

p
�g "µ⌫⇢�"↵��� r↵K⌫� rµK⇢� F��(H↵�)

Summary
• We found the most general derivative interactions in dRGT massive gravity  

• The energy scales below Λ3 can be eliminated by adding counter terms 

• The Lagrangians can be resumed by using K tensor 

• The most general derivative interactions in dRGT theory contain four 
interactions 

• Nonlinear terms contribute at Λ3 

• Appropriate DOF? 

• 4th order differential EOM of the scalar and tensor mode in the decoupling limit 

• Ghost appears at Λ3 in dRGT theory + derivative interactions

The mass scale of the derivative interactions should be M< Mpl 
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“Massive graviton on a spatial condensation web”

by Chunshan Lin

[JGRG23(2013)110503]
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Massive graviton on a 
spatial condensation web

Chunshan Lin
Kavli IPMU (WPI)

The University of Tokyo

References: 
<Massive Graviton on a Spatial Condensation Web>   arXiv:1307.2574
<SO(3) massive gravity>   arXiv:1305.2069

Outline

Introduction
History
Motivation

Spatial condensation 

Linear perturbation analysis

Generalize to a most general action

Remarks
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Introduction

Searching for a massive gravity theory
Fierz and Pauli  1939

VDVZ discontinuity
Vainshtein 1972  non–linear interactions
Boulware–Deser (BD) ghost 1972

Lack of Hamiltonian constrain and momentum constrain

6 degrees of freedom
Helicity ±2, ±1, 0 5 dof�

6th d.o.f is 
the BD ghost!

Introduction
dRGT 2010

Source of 
MASS !

4 Stukelberg scalars 
respect Poincare 

symmetry

Eliminate a helicity-0 mode, the so called BD ghost in the 
decoupling limit. 

It is also BD ghost free away from decoupling limit. 
(Hassan & Rosen 2011)  
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Introduction
However…

Vanishing kinetic term (A.Gumrukcuoglu, CL, S. Mukohyama, 2011)
Ghost among 5 d.o.f (A. De Felice, A.Gumrukcuoglu, S. Mukohyama, 
2012), which can be solved in the quasi-dilaton MG (A. De 
Felice, S. Mukohyama, 2013)
Acausality (S. Deser, A. Waldron 2013)

Breaking 4 space-
time 

diffeomorphism  

Poincare symmetry 
in fields’ 

configuration

Breaking 3 spatial 
diffeomorphism  

SO(3) symmetry in 
fields’ configuration

However, what if…

�

Spatial Condensation

GR + 3 canonical free scalars

EFT of inflation Spatial condensation

The idea is not new in physics, E.g. Monopole.
work in progress with S. Mukohyama, T.Yanagida
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Spatial Condensation

 spatial condensate

          remains invariant under the coordinate 
transformation

      But                     , thus we need to Introduce 
Goldstone excitations, to recover the diffeomorphisms

Goldstones are “eaten” by gauge boson

eaten

decompose

Linear Perturbations

How does this happen? 

Define metric perturbations

The vector field defined by 

Thus the combination

is a gauge invariant quantity,
Z eats pion in the unitary 
gauge
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Linear perturbation

We choose the unitary gauge  

Scalar perturbations

                        are non-dynamical 

                         
Canonical normalization

E becomes dynamical by 
eating longitudinal mode 

of Goldstone

Linear Perturbations

Vector perturbations

is non-dynamical, we can integrate it out

Canonical normalization

The same as scalar mode

F_i becomes dynamical 
by eating transverse 
mode of Goldstone
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Linear Perturbations

Tensor Perturbations

Canonical normalization

Surprisingly! All 5 degrees 
have exactly the same 
dispersion relations!

Some remarks

EFT is valid up to quantum gravity scale, say, Planck scale

No vDVZ discontinuity, we recover  GR at the massless limit 
work in progress (C. Lin and R. Kimura)...

Apply to inflation, we expect…
IR safe inflation
Graviton mass suppressed large scale primordial perturbation

     It may be relative to another large scale anomaly: 
     the fluctuations at multiple moment l <40 are smaller than  
     expected by 5% to 10%. 

B mode polarizations of CMB differs from GR
     

64



Generalization 

Taking SO(3) residual symmetry as building principle, 

We are also free to add the derivative coupling term, e.g. 

Thank You!

IR safe inflation
Review the IR divergence issue in GR  

Quadratic action for tensor modes

Equation of motion

quatization
Polarization tensor
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IR safe inflation
Choose the Bounch-David vacuum, we get solution

Power spectum

Loop obtained from contracting two γs

Diverges at 
UV and IR

IR safe inflation
Inflation on a spatial condensation web

Spatial condensation a^-2, diluted away rapidly
Curvature perturbation is still scale invariant
Tensor modes get a mass

     

Converges 
at IR
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Generalization

Under the symmetry

     We can write down a most general action 

SO(3) Time diff 
invariance

In unitary gauge

Generalization
Consider a         contract with a tensor 

     explicitly break 3 spatial diff invariance, time diff 
remain

  

     16 components in                         10 d.o.f

 

symmetric

4 constraints                                       6 d.o.f
Kill 4 d.o.f

Kill 1 d.o.f
5 d.o.f

Intrinsically free from BD 
ghost!
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ISC
Infinitely strong coupling issue

                              

In the case of                    By fine 
tuning the cosmological 
constant, cancel out the effective 
energy density and pressure of 
the mass term, one can get an 
Einstein static universe. However, 
scalar mode and vector mode 
have vanishing kinetic term. 
Without a mass gap, it is 
infinitely strong coupling.

But, we don’t care…
• Einstein static universe is unstable by itself anyway;
• We never live in a static cosmic background;
•                           is required to exclude the Einstein static 

solution.

Cosmology
We take FRW ansatz

     We have such two background Einstein  equations

Noting that since the the SO(3) symmetry in the fields’ 
configuration, the constraint equations of 3 Stuckelberg 
scalars are trivially satisfied!

68



Scalar perturbations
Scalar perturbations

     unitary gauge

      

Integrate out non-dynamical degrees
The quadratic action

Take super horizon approximation

Take sub horizon approximation

Ghost 
free!

Scalar perturbations
Scalar perturbations, canonical normalization

At super horizon scale At sub horizon scale

No 
gradient 

instability

No 
tachyonic 
instability

No
Lorentz 

violation at 
leading order
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Vector perturbations
Vector perturbations Integrate out non-dynamical degrees

The quadratic action

Take super horizon approximation

Take sub horizon approximation

Ghost free condition 
is exactly the same 

as the scalar 
perturbations!

Vector perturbations
Canonical normalized vector modes

     At super horizon                             At sub horizon

No 
gradient 

instability

No 
tachyonic 
instability

No
Lorentz 

violation at 
leading order

70



Tensor perturbations
Tensor perturbations

       Canonical normalization

The quadratic action

Gravitation 
waves receive a 

mass!

UV cutoff
Decoupling limit

     The action for helicity 0 mode (roughly and schematically)

     Canonical normalization
EFT approach 
breaks down at 
energy scale
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Questions
There are lots of questions we can ask

Massive graviton couples to matter;
Do we have black hole solutions?
The feature on the tensor mode;
The observational effect due to the scalar and vector 
modes?
Do we have a more general action?
Does it affect the structure formation
……

Conclusion
Spatial condensation

It solves the IR divergence problem of inflationary 
correlation function

Most general action
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Introduction
No! You break 

the Lorentz 
invariance!

Yeah…But our FRW 
background break 
Lorentz invariance 

already!

Spatial Condensation

EFT is valid up to quantum gravity scale

We recover  GR at the massless limit

Can we really interpret SC as massive gravity? 

Poincare Minkowski
5 d.o.f 

massive 
spin-2

Deep sub-horizon limit

2 tensor 
modes

2 vector modes

1 scalar modes
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Higher dimensional gravity
and

bigravity

 
YITP, Kyoto University

Yasuho Yamashita
in collaboration with Takahiro Tanaka

13年11月5日火曜日

Introduction

13年11月5日火曜日
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de Rham-Gabadadze-Tolley bigravity

dRGT bigravity model :

We want to embed this model 
to higher dimensional gravity.

V = m2
4X

n=0

cn✏
µ1···µn
⌫1···⌫n

K⌫1
µ1

· · ·K⌫n
µn

, Kµ
⌫ = (

p
g�1g̃)µ⌫

no ghost condition determines the form of  interaction
                                                            ... technical and artificial

S =

Z
d

4
x

p
�g


Mpl

2
(R+ V (g, g̃)) + Lm

�
+

�Mpl

2

Z
d

4
x

p
�g̃R̃

13年11月5日火曜日

How ?

However   high potential barrier = thin throat ...unstable

can take its place DGP model

2
4

Z
d

4
x

p
�g

(4)
R

(4)

4-dim mass spectrum ~ eigenvalue problem in quantum mechanics

effective potential by gravityd

1/d

high potential barrier

nearly degenerate two small mass
y+

y+

y-

y-

13年11月5日火曜日

76



2-brane Dvali-Gabadadze-Poratti model

mass hierarchy
localized gravity

extra dim yy+ y- y+

identify

Z-2 symmetry

S =
1

22

Z
d

5
x

p
�gR+

X

�=±

Z
d

4
x

q
�g

(4)
�

 
1

22
4(�)

R

(4)
� + Lm

!

r(±)
c =

2

22
4(±)

parameter

13年11月5日火曜日

stabilization mechanism (Goldberger & Wise)

Ss =

Z
d

5
x

p
�g

 
�1

2
g

ab
 ,a , b� VB( )�

X

�=±
V(�)( )�(y � y�)

!

        → scalar d.o.f  in addition to two gravitons 

...We need to remove this to reproduce bigravity

 

Radion = brane separation 

13年11月5日火曜日
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mass spectrum

13年11月5日火曜日

graviton’s mass spectrum

the lowest massive mode
                 junction condition:

hierarchy

massless mode always exists eigenfunctions
y+ y-

lowest massive mode u1

massless mode u0

K(±)
µ⌫ = r(±)

c

✓
G±(4)

µ⌫ � 1

3
G±(4)gµ⌫

◆

gµ⌫/d ' rc⇤(4)gµ⌫ = rcm
2
1gµ⌫

m2
1 ' 1

rcd
⌧ 1

d2

13年11月5日火曜日
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mass spectrum (scalar mode)

stabilization mechanism → There is no zero mode! 

stronger stabilization                  large μ2             

make μ2 negative : ghost !!

corresponds to the self  accelerating branch
                                            : K.Izumi et. al. (2007)

If  stabilization is weak;                     →                        
����
H0

H2

���� ⌧ 1

H : 5-d curvature scale

µ2 '
2
P

�
�Ha�2

1��2r(�)
c H�R y�

y+

H2

a4(�H0)

1⌥ 2r(±)
c H± < 0

13年11月5日火曜日

bigravity as the effective theory

For small d, large rc and strong stabilization,

     TT mode :                        scalar mode :
         one 0 mode                         no mode
         one massive mode                                     

m2 µ2

bigravity

1

d2 cut off

0

1

rcd

13年11月5日火曜日
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Correspondence
between DGP 2-brane model

and dRGT bigravity

13年11月5日火曜日

metrics on branes

hµ⌫(y±) +rµ⇠̂⌫ +r⌫ ⇠̂µ = h(TT )
µ⌫ (y±)� �̃µ⌫

⇣
�(y±) + 2H±⇠̂

y
±

⌘

location of  the brane is also perturbed:

⇠̂y $ � and T

⇠̂y

metrics on branes

y = y± + ⇠̂y±

13年11月5日火曜日

80



DGP model and dRGT bigravity

DGP model can be shown to be identical 
to dRGT bigravity in linear regime.

DGP dRGT

hµ⌫ , h̃µ⌫variables

parameters

ω : scale of         compared with hµ⌫h̃µ⌫

Mpl, �, m2, cn

! meff , �!2
r(±)
c , d ! m2

1, u0(y±), u1(y±)

hµ⌫(y±) = h(0)
µ⌫ u0(y±) + h(1)

µ⌫ u1(y±)

m2
1 $ m2

eff

13年11月5日火曜日

ghost in DGP model

2

 
X

i

u2
i (y+)

m2
i � 2H2

!
+

1

H2
+(2rcH+ � 1)

 
22

3H2
+(2rcH+ � 1)

 
X

i

v2i (y+)

µ2
i + 4H2

!
+H+

!
= 0

diverges as m2→2H2 : Higuchi bound diverges as μ2→4H2 
: critical mass that scalar ghost appears

means 

 ghost never disappears : K.Izumi et. al. (2007)

The same identity prohibits        &        from crossing their critical masses 

no ghost

: self-accelerating branch

: normal branch 

2rcH+ � 1 > 0

2rcH+ � 1 < 0

m2
i � 2H2 ! ±✏µ2

i + 4H2 ! ⌥✏

m2
i µ2

i

H : 4-d comoving curvature scale

13年11月5日火曜日
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Higuchi ghost in dRGT bigravity
choose the branch connected to the vacuum flat spacetime 

                                        with positive graviton mass 

Corresponding deSitter solution exists with no Higuchi ghost 

adding cosmological const. little by little

At the critical energy density,

ω : ratio of  scale factor 
of  two metric 

⇢
⇢c

no Higuchi ghostHiguchi ghost

13年11月5日火曜日

summary

We can obtain ghost-free bigravity from DGP 2-brane model.

This bigravity is confirmed to be identical to dRGT model                    
at least in linear regime.

In each model, the possible way of  ghost appearance                
at high energies seems to be different. 

... Truncation of  the scalar mode by hand
                             can explain the difference.

13年11月5日火曜日
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basic equations

scalar mode

L̂(�) +

⇤(4)

 02

�
� =

X

�=±

✓
�
4a22

3
(1� �2rcH±)

�1(Z(�) ± rc�)�
2✏(�)

 02 ⇤(4)�

◆
�(y � y�)

✏(±) ⌘ 2

V 00(±) ⌥ 2 00/ 0

a�2
± ⇤(4)Z(±) = ±2

6
T (±)

→０

h
L̂(TT ) + a�2⇤(4)

i
h(TT )
µ⌫ =

X

�=±

⇣
�22⌃(�)

µ⌫ � 2rca
�2
� ⇤(4)h(TT )

µ⌫

⌘
�(y � y�)

⌃(±)
µ⌫ ⌘

✓
T (±)
µ⌫ � 1

4
T (±)�±

µ⌫

◆
± 2

2

✓
rµr⌫ � 1

4
⌘µ⌫⇤(4)

◆
Z(±)

brane bending

Z(±) = (1⌥ 2rcH±)⇠̂
y
± ⌥ rc�(y±)

TT mode

13年11月5日火曜日

perturbation

background : vacuum deSitter brane with small H

�µ⌫ = a2(y)⌘µ⌫

Newton gauge

hyy =2� , hyµ = 0 , hµ⌫ = h(TT )
µ⌫ � ��µ⌫

� =
3

22 0 [@y + 2H]�

ds

2 = dy

2 + a

2(y)⌘µ⌫dx
µ
dx

⌫

scalar field  (y)

metric

perturbation

13年11月5日火曜日
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TT mode solution

"
m2

i

a2

 
1 + 2rc

X

�=±
�(y � y(�))

!#
ui = �L̂(TT )ui(y)

mode expansion

h(TT )
µ⌫ (y) = �22

X

i

ui(y+)ui(y)

⇤(4) � 2H2 �m2
i

⌃µ⌫

source 

m2
i

h
L̂(TT ) + a�2(⇤(4) � 2H2)

i
h(TT )
µ⌫ =

X

�=±

⇣
�22⌃(�)

µ⌫ � 2rca
�2
� (⇤(4) � 2H2)h(TT )

µ⌫

⌘
�(y � y�)

solution with source

h

(TT )
µ⌫ =

X

i

h

(i)
µ⌫(x

⇢)ui(y)
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scalar mode solution 

µ2
i + 4H2

 02 vi(y) =

"
�L̂(�) +

X

�=±

4rc2a2

3(1� �2rcH±)
�(y � y(�))

#
vi(y)

mode expansion

�(y) =
42a2+

3(1� 2rcH+)

X

i

vi(y+)vi(y)

⇤(4) � µ2
i

Z

µ2
i

source term


L̂(�) +

(⇤(4) + 4H2)

 02

�
� =

X

�=±
�

4a22

3(1� �2rcH�)
(Z(�) + �rc�)�(y � y�)

solution with source

� =
X

i

�

(i)(x⇢)vi(y)
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mass spectrum (TT mode)

zero mode :

if  rc >> d, r.h.s. of  j.c. can contribute to 0-th order eq. 

Y = y/dnondimensionalization

±
✓
@Y � 2

@Y a

a

◆
ui = �rcdm2

i

a2
ui

1

a2
@Y a

4@Y
1

a2
ui = � (mid)2

a2
ui

md<<1 massive mode
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Higuchi ghost in dRGT bigravity

In dRGT model, equation for the de Sitter solution insists
2
4

m2
⇢m =

c1
�!

+

✓
6c2
�

� c0

◆
+

✓
18c3
�

� 3c1

◆
! +

✓
24c4
�

� 6c2

◆
!2 � 6c3!

3 ⌘ f(!)

m̃2 � 2H2 = �m2!

3
f 0(!)
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summary

1 massless graviton
 

1 massive graviton   dRGT bigravity

m2

m2 = 0

TT mode
µ2

scalar mode

cut off

m2 ⇠ 1

rcd

⇤h(0)
µ⌫ = �22

✓
T (+)
µ⌫ � 1

2
�̃µ⌫T

(+)

◆

(⇤�m2)h(m)
µ⌫ = �22

✓
T (+)
µ⌫ � 1

3
�̃µ⌫T

(+)

◆

hierarchy
1

d2
1

d2
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“Coleman-deLuccia instantons in nonlinear massive gravity”

by Yingli Zhang

[JGRG23(2013)110505]
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Coleman-de Luccia instantons in 
nonlinear Massive Gravity 

Ying-li Zhang  
YITP , Kyoto University 

5, November, 2013 

YZ, Ryo Saito and Misao Sasaki, JCAP 02(2013)029 [1210.6224] 
Misao Sasaki, Dong-han Yeom and YZ, CQG 30(2013)232001[1307.5948]   
Ryo Saito, Misao Sasaki, Dong-han Yeom and YZ, in preparison 

Based on:  

JGRG23 

Outline 

1. Motivation 
2. Setup of model 
3. Coleman-de Luccia solutions 
4. Conclusion and Future Prospects  
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3 

General Relativity (GR): 

Lagrangian 
multiplier 

In 3+1 dim, for symmetric tensor      , the propagating degrees of 
freedom (dof) can be counted as: 

Helicity  

Such situation changes in the Massive Gravity Theory. 

Massive Gravity theory 

4 

In Massive Gravity (MG), the mass of graviton is non-vanishing, 
which breaks the gauge invariance 

Generally speaking, the dof is 

No Lagrangian 
multiplier… 

Helicity  

(Boulware  &  Deser  ‘72) 
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5 

Recently, a non-linear construction of massive gravity 
theory (dRGT) is proposed, where the BD ghost is 
removed by specially designed non-linear terms, so that 
the lapse function     becomes a Lagrangian Multiplier, 
which removes the ghost degree of freedom. 

 where 

fiducial metric  

C. de Rham, G. Gabadadze, Phys. Rev. D 82, 044020 (2010); 
C. de Rham, G. Gabadadze and A. J. Tolley, Phys. Rev. Lett 106, 
231101 (2011); 
S. F. Hassan and R. A. Rosen, JHEP 1107, 009 (2011) 

Non-linear Massive Gravity (dRGT) 

Stuckelberg field 
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7 

Self-accelerating solution is found in context of non-linear 
massive gravity, where two branches exist with effective 
cosmological constant consists of a contribution from 
mass of graviton. A. E. Gumrukcuoglu et. al. JCAP 106, 231101(2011); 

There seems to be some hope to explain the current 
acceleration,  but… 
 
 Very small      from observation           Cosmological         
                                                             constant problem 
  
 

8 

 
•  the  field  can  (and  will)  
tunnel from a metastable 
minimum to a lower one; 
 
• this process is driven by 
instanton.  
 S. Coleman and F. de Luccia, Phys.Rev. D21, 

3305, (1980) 

As a first step, we study the stability of a vacuum in the context of  
non-linear Massive Gravity with constant graviton mass 

A possible resolution: Landscape of Vacua 
S. Weinberg, Rev. Mod. Phys. 61, 1 (1989) 

Moreover, studies on Hartle-Hawking no-boundary 
proposal make the inflationary scenario exponentially 
probable. Misao Sasaki, Dong-han Yeom and YZ, CQG 30(2013)232001 
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 2. Setup of model 

• potential  

local minima: 

global minima: 

local max: 

10 

• tunneling probability per unit time per unit volume  

bounce solution ‘false  vacuum’ 

 usually, bounce solutions are explored by assuming an O(4) symmetry 

Lowest action 

¾ spacetime metric: Euclidean  
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11 

→ the O(4)-symmetric solutions are obtained by setting 

¾ fiducial metric: deSitter 

fiducial Hubble parameter 

Note: the fiducial metric may not respect the symmetry 

→ 
Branch I 

Branch II 

Not considered below 

→ 

Inserting these ansatz into the action, we obtain the 
constraint equation by varying with respect with f 
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13 

where 

  Friedmann equation & EOM for tunneling field 

3. Coleman-de Luccia(CDL) solutions 
• CDL solutions can be found when 

• difference from GR in action is the mass term 
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15 

• thin-wall approximation:  Coleman & de Luccia, 1980  

where  

16 

• thin-wall approximation:  Coleman & de Luccia, 1980  • thin-wall approximation:  Coleman & de Luccia, 1980  
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17 

• thin-wall approximation:  Coleman & de Luccia, 1980  • thin-wall approximation:  Coleman & de Luccia, 1980  

18 

• thin-wall approximation:  Coleman & de Luccia, 1980  • thin-wall approximation:  Coleman & de Luccia, 1980  
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19 

• thin-wall approximation:  Coleman & de Luccia, 1980  

20 

• thin-wall approximation:  Coleman & de Luccia, 1980  

No difference from GR ? 
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21 

• CDL as perturbations around Hawking-Moss (HM) solutions 

Expand the potential          around               as follows: 

near the HM limit where                             with  
the regular solutions are perturbatively found to be 

22 

Hence, if              , HM dominates over CDL, vise versa.  

In GR, perturbations in action vanish until         , and CDL 
always dominate over HM.  
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Reconsideration of thin-wall result 

24 

This explains the reason why no contribution in thin-wall 
limit. However, in HM case,  
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25 

Defining 

• HM solution gives largest correction 
term where           is smallest; 
 
• when          increases, correction 
shrinks gradually; 
 
• at thin-wall limit, the behavior of CDL 
solution is the same as GR. 

26 

Under the thin-wall approximation, one can compare the 
probability of CDL process to HM process as follows 

In GR,             , CDL process dominates over HM one. 
 
However, provided that parameters and their 
combinations are of order unity, if  
HM process dominates over CDL. 
 
Implications? 
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27 

Summary and future work 
We constructed a model in which the tunneling field 
minimally couples to the non-linear massive gravity; 
corrections to CDL tunneling changes monotonically when 
one goes beyond thin-wall approximation until HM case; 
under the thin-wall approximation, the HM process may 
dominate over CDL one, it is interesting to investigate its 
implications; 
it would be a further work to generalize our analysis to 
extended massive gravity theories, e.g. mass-varying 
theory, quasi-dilaton massive gravity, SO(3) massive 
gravity… 
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“Massive Gravity, Black Hole solutions and Relevant scales.”

by Ivan Dario Arraut

[JGRG23(2013)110506]
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On the consistency of the Black 
Hole solutions inside the dRGT 

non-linear massive gravity 

Ivan Arraut, in collaboration with 
 Hideo Kodama 

Osaka University and KEK Theory Center 
(Tsukuba, Ibaraki). 

Paper in preparation. 

Motivation  
• 1). Recently, dRGT found a ghost-free version of 

non-linear massive gravity at all orders. 
However, some other pathologies might exist. 

• 2). Recently, it was found that inside the 
bigravity formalism, the Gregory_laflamme 
instability is reproduced, except in the Partially 
massless regime. 

• 3). Although there are some previous works on 
Black Holes stabilities in massive gravity, 
nobody has derived general expressions inside 
the dRGT formalism. That´s what we did. 
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Formulation of the dRGT 
massive gravity 

• The action is given by: 

With the effective potential on two free 
parameters: 

Our notation: 
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The field equations can be computed as: 

The other field equation is obtained from the 
Bianchi identity and corresponds to the dynamics of 
the Stückelberg fields. That equation is satisfied for 
a family of solutions with one free parameter.  

The Schwarzschild-de Sitter 
solution 

• If we want to reproduce the SdS solutions 
inside the dRGT formalism, the following 
condition must be satisfied: 
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We show that if the theory satisfies the 
condition: 

Then any metric form: 

Is a solution with: 

Independent of the value taken by the 
parameter                 

In the unitary gauge, for the Stuckelberg fields 
defined by: 

The solution corresponds to:  
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For any metric in the unitary gauge, we have: 

The root square of this matrix is defined by: 

With: 

Black Hole solutions: 
Here we consider the Black Hole solutions: 

It is possible to demonstrate that the following 
combination:  

Is an invariant under coordinate transformations. In 
fact, it is just the determinant of the matrix 
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Perturbation analysis 
We will use the gauge invariant formulation, 
assuming a metric. (Kodama, Ishibashi and Seto, PRD, 
62,064022): 

Is a 2-dimensional Lorentzian 
metric.  

And: 

Is the metric of constant sectional curvature K 
on a bi-dimensional subspace. The internal 
metric is given by: 

More details about this approach can be found on 
the papers of Kodama and Ishibashi. 

We use the Harmonic expansion and define the 
following set of gauge invariant quantities: 

For vector type perturbations. 
And: 
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For scalar type perturbations. 

In order to use the standard formulation for perturbations, 
we re-scale the distance and time as follows: 

If we take into account that the background metric and 
the corresponding matrix                  are direct sum of 
two dimensional submatrices: 

Then we can see that the perturbations will decouple in 
the same way, except for the case of perturbation of the 
traces: 

With the redefinitions: 
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We concentrate on the family of solutions satisfying the 
conditions: 

From the perturbation of the matrix      , 

We obtain the following results: 

Gabadadze and collegagues 
PRD 85, 044024  

Vector perturbations: 

(Harmonic expansions) 

And the Harmonic expansions for the energy-momentum 
tensor are: 

From the previous calculations, we get: 
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These source terms have to satisfy the conservation 
equation: 

With Then: 

For 

In this case, the perturbations are just identical 
to  the  Einstein’s  case. 

The exceptional mode l=1: 

For this mode,       does not exist and as a 
consequence        is not gauge invariant 
anymore. Its gauge transformation is: 

In general,         in the Einstein case, 
is a linear combination of the gauge 
modes given above and the standard 
rotational perturbation corresponding 
to the metric component of the Kerr 
metric: 
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Scalar perturbations 
The metric perturbation  harmonic 
expansion is: 

And the source perturbations: 

From the previous results: 

And then: The gauge invariant quantities are: 

Similar analysis for this case can be performed 
as before, finding that there is no instability. 
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Gauge invariant formulation of the dRGT 
theory: 

If we define the perturbation: 

Its gauge transformation under coordinate transformations 

is: 

For the Stückelberg fields in the unitary gauge, the 
gauge transformation becomes: 

With: 

For vector perturbations: 

And we can construct the following gauge 
invariant: 

For generic modes, the source terms can be expressed in terms of 
this gauge invariant as: 

Scalar perturbations: 

These source terms are 
written in terms of gauge the 
invariants: 
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Then if we want to recover the standard results, some constraints 
on the dynamics of the Stückelberg fields must be imposed. 

Conclusions 

• 1). We have derived general expressions 
for the Black Hole perturbations inside the 
dRGT formalism. 

• 2). When we allow the Stückelberg fields 
to be dynamical, some special constraints 
have to be imposed in order to keep the 
tehory inside the standard behavior of GR.  
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This is the JGRG23 
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“Impact of heavy fields on power spectrum and bispectrum

 of the curvature perturbation”

by Shi Pi

[JGRG23(2013)110507]
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Impact of Heavy Fields 
on the Power Spectrum 

and Bi-spectrum

arXiv:1205.0161&arXiv:1306.3691;
with Misao Sasaki & Jinn-Ouk Gong.

Shi Pi(皮石)
APCTP

Introduction

Effective Field Approach

In-in formalism Approach

Summary
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Inflation

The essense of inflation:
� An accelerated expansion.
� Lasts for 60 efoldings.
� Quantum fluctuations.

Inflation zoology

� Early Inflations: Starobinsky model. Single field 
inflation (canonical/non-canonical, potentials...). 
� Multi-field Inflation. (light, heavy, ...)
� New Physics Stuff. (Sugra, modified gravity, 
string landscape,...)
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Single Field

Single field inflation models with non-canonical 
kinetic. (Armendariz-Picon et al, hep-th/9904075)

This includes some typical models:
� Slow-roll inflation (Linde 1982).
� Kinetic driven k-inflation.
� DBI inflation (Silverstein et al, hep-th/0310221).

Multi-field

Multi-field inflation models with canonical kinetic. It 
can be described by a turning motion in a moduli 
space.
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Sudden Turn

Sudden turn case 
(Shiu&Xu 1108.0981, Gao&Langlois 
1205.5275&1306.5680, Noumi&Yamaguchi 
1307.7110):

H��
�

�

Soft turn case.                  

Soft Turn

H��
�

�
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Slow-roll multi-field inflation can be categorized by
� 
    2-field inflation with small couplings. Gordon et 
al astro-ph/0009131.
� 
    Original quasi-single field inflation. Chen&Wang 
0909.0496.
� 
    Effective field theory after integrating heavy 
fields out. Tolley 0910.1853. Achucarro 1010.3693. 

Soft turn classify

The power spectrum:
� 
    Enhanced spectrum for curv.pert. Spectrum of 
entropy pert. Gordon et al astro-ph/0107089.
� 
    Small correction to the single-field result. 
Chen&Wang 0911.3380.
� 
    Small correction prop to M -2. Achucarro et al 
1010.3693. Chen 1205.0160. SP 1205.0161.

Power Spectrum
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The non-Gaussianity of the corresonding models:
� 
    Local shape. Maybe suppressed by slow-roll 
parameters . Vernizzi&Wands astro-ph/0603799.
� 
    Trasition from local to equilateral. Chen&Wang 
0911.3380. Noumi&Yamaguchi 1211.1624.
� 
    Equilateral. Prop to 1/M6. Gong, SP & Sasaki 
1306.3691.

Non-Gaussianity

The non-Gaussianity of the corresonding models:
� 
    Local shape. Maybe suppressed by slow-roll 
parameters . Vernizzi&Wands astro-ph/0603799.
� 
    Trasition from local to equilateral. Chen&Wang 
0911.3380.
� 
    Equilateral. Prop to 1/M 6. Gong, Pi & Sasaki 
1306.3691.

Non-Gaussianity
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nG with light field

Rigopoulos et al,
astro-ph/0511041

nG with light field

Assassi et al,
1304.5226
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Introduction

Effective Action of Inflation

In-in formalism

Summary

QSF Inflation

Quasi-single field inflation can 
� be solved analytically (in principle);
� mimic the trasition from multi-field to single-field;
� be embedded into complicated field 
configurations;
� reveal the essential of non-canonical kinetic 
terms and non-linear interactions.
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Action

Variables:
� σ is the radial field.
� θ is the angular field.
� Vsr is the slow-roll potential 
along the trajectory. 
� V is the heavy potential 
perpendicular to it.

R~

Curvature Perturbation

Isocurvature Perturbation

EOM

Equation of motions:
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Slow-roll Parameters

Slow-roll parameters:

Introduction

Perturbation theory:

Perturb the potential:

126



Potential Series

When will the expansion be valid:

...)(''''
4
1)('''

3
1)('' 000 ��� ��� VVV

Perturbative Action

2nd order coupling

3rd order coupling 
suppressed by slow-
roll

Interactions from 
heavy fields
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Constraint for Pert.

Equation of motion for heavy perturbation field δσ

The solution for δσ is

EFT of single field
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Power Spectrum

Power spectrum of the curvature perturbation Rθ. 
(Garriga&Mukhanov hep-th/9904176)

where cs is the effective speed of sound

non-Gaussianity

Calculate the dominant non-Gaussianity is similar 
to that of the general single-field inflation (Chen, 
Huang, Kachru, Shiu hep-th/0605045)
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Non-linear parameter

The equilateral non-linear parameter fNL is

 

nG from linear couplings
nG from non-
linear couplings: 
Heavy field 
self-interaction

Comparison

We only consider the leading order nG:
� Which one can dominate the nG?

� Can it be large? 

Only the V'''-term is possible to be large.

V'''-term is possible to dominant.
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Reason to dominate

Recall the condition for potential series:

Here δσ is solved by integrated e.o.m.

And (δθ)· can be estimated by the power spectrum 
of the curvature perturbation.
All together can give an estimation of the upper 
limit for V'''.

1
''3

'''
�

V
V ��

Upper Limit

Use this upper limit for V'''  we can have the upper 
limit for V'''-term in fNL. 

2

2/1

1
��
�

�

	







�

� �

effR mP
�


V'''-term <

Linear nG

A large prefactor of order 106
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Introduction

Effective Action of Inflation

In-in formalism

Summary

in-in formulism

Another method to study multifield inflation is in-in 
formulism.
� Valid when the coupling between two fields is 
small.
� Treat the coupling as interacting vertex of free 
fields in interaction picture.
� Easy to write, hard to integrate.
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Program

Program to calculate in in-in formalism
� Begin with the perturbative action.
� Define canonical conjugate momenta for each 
field.
� Define Hamiltonian. 
� Divided into free part and interaction part.
� Replacing canonical conjugate momenta with 
the one in the interaction picture, i.e. defined by 
free Hamiltonian rather than full Hamiltonian.
� Cancel conjugate momenta with field velocity.

Hamiltonian

The condition to do so is to keep the interaction 
Hamiltonian smaller than the free Hamiltonian, i.e.

H�
�

0�
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Split the free field

We split the Hamiltonian from free part and 
interaction part. The former one can be solved by 
invoking "free field" which satisfied 

Mode Function

Annihilation and creation operators obey the 
ordinary commutation relations, whereas the mode 
functions are governed by the eoms:

Light field (curv. pert.)
Hankel equation of order 3/2

Heavy field: Hankel equation of order 
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Moltivation

In our work we forcus on the case when Meff is 
very large. This is because
1, We can have an analytical result.
2, It is also the case when EFT is valid.
3, A large mass hierachy in the early universe is 
interesting.
4, Large equilateral nG is still possible on Planck 
data.

Free Field Solution

We can solve the eoms in the large mass case. 

Then the interactions can be treated as 
perturbations to this free propagating plane waves.
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Correlation Function

We first write down the 2-point function 

+ +=
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Diagrammatica

Suppressed by 
exp(-M/H)

Suppressed by 
M-2

Power Spectrum

The power spectrum for curvature perturbation is 
(Chen&Wang 1205.0160, SP&Sasaki 1205.0161)

After introducing the sound speed

We see that this result is consistent with EFT.
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Correlation Function

The 3-point function

After Wick contraction we have 60 terms (10 
different terms+50 permutations of 3 momenta). 
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A Typical Term

A typical term of these is  

Diagram for this typical term
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Simplified Diagram for this typical term

Diagram for all 60 terms
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Symmetry

Approximation

These four "ghosts" are different essentially. But 
they can be the same in the limit when Meff →∞ . In 
general, we have
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nG Diagram

And for the 3-point function we have

Introduction

Effective Action of Inflation

In-in formalism

Summary
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Summary

Our model: Two-field, canonical kinetic, power-law 
potential, weak coupled, adiabatic turn, 
massless+very massive.
Our goal:
�  Correction to the power spectrum of curvature 
perturbation originating from the rotation in field 
space.
�  Correction to the non-Gaussianity due to the 
heavy-field interactions (by both EFT approach 
and in-in formalism)

Summary

Our result:  It may dominant the nG.
� Correction to power spectrum 

�Correction to non-Gaussianity (equilateral, can 
be large)

2

��
�

�
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9.0�sc

5.0�sc

02.0�sc

n=
2

n=
1

n=
3

n=
4

Compare to Planck

N*=50
N*=60

Compare to Planck

Best fit by Planck 
at m<<H

A hint that m>>H is 
also possible
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Thank you! 
謝謝！
ありがと！
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“Features in the curvature power spectrum after a sudden turn

 of the inflationary trajectory”

by Xian Gao

[JGRG23(2013)110508]
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Features in the curvature power spectrum after a 
sudden turn of the inflationary trajectory

Xian Gao  (߶ᰘ)
Department of Physics,

Tokyo Institute of Technology

5 November, 2013
The 23rd Workshop on General Relativity and Gravitation in Japan

Hirosaki University

Based on works with David Langlois and Shuntaro Mizuno
JCAP 10 (2012) 040  [arXiv:1205.5275]
JCAP 10 (2013) 023  [arXiv:1306.5680]

• The latest observations on CMB are compatible with 
statistically Gaussian primordial perturbation, which has a 
nearly flat spectrum with negligible running spectral tilt. 

• In particular, the data are compatible with the adiabaticity at 
95% CL, which implies there is no evidence for the 
isocurvature modes and there is only one relevant degree of 
freedom responsible to the primordial perturbations.

• Beyond the single-field?
– Theoretical motivation

– Observational hints: asymmetries, oscillatory features, etc.

Single field inflation
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Massive fields

Can massive (M >= H) fields be allowed and play some 
role in multi-field models?

• As long as there is a light (flat) direction in the multi-field potential, 
inflation occurs, while other directions may be heavy.
• Perturbations probe the whole potential landscape, not only the light 
direction.
• Massive modes may have some imprints.

A landscape of potentials

• Naively, an effective theory for the light mode(s) is 
expected.

• If there is a bending trajectory: 
– The trajectory generally deviates from the light direction.
– The adiabatic mode can become temporarily heavy. 
– The effective single-field description may break down.

• Recent progress: Tolley & Wyman `09. Cremonini, Lalak & Turzynski '10, 
Achucarro, Gong, Hardeman, Palma, Patil `10, Shiu & Xu `11, Watson et al '12. Chen 
& Wang `12, Gong, Pi & Sasaki '12, '13, Noumi, Yamaguchi & Yokoyama '12, '13, 
Saito, Nakashima, Takamizu,Yokoyama, '12, '13. ...

Heavy modes?

 H 

Integrate out?
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Heavy modes at work: Turning trajectory

Multi-field effects manifest themselves only when the background 
trajectory is bending.

We will concentrate on a single turning process, by requiring 
(the minimal deviation from the standard scenario):
1) the turning process occurs in a finite time interval
2) the potential trough is asymptotically straight before and after 
the turn.

[Gong, Pi, Sasaki '13,
Noumi, Yamaguchi, Yokoyama '12]

Different from "constant turn" in QSI 
[Chen & Wang '09, '12]

The background trajectory is characterized 
by:

Turning trajectory: a two-field example

• Direction: A simple approximate 
equation of motion for ȥ (|ȥ|<<1):

•  Velocity:

• In general, the trajectory (adiabatic direction) tends to deviate from the 
light direction, with turning light direction șp serves as a driving force;

• ȥ behaves as a damped oscillator with frequency controlled by mh;
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A toy Gaussian ansatz:

"Energy scale" of the turn: ȝ = 1/ǻt >> H

The qualitative behaviors of the trajectory and the 
perturbations are sensitive to the ratio:  ȝ/mh . 

A Gaussian toy model

Limit 1: Soft turn (ȝ<<mh)

turning time turning time

Evolution of:
ș  (angle of the trajectory)
șp   (angle of the light direction)

Evolution of ȥ=ș-șp
(angle between trajectory & light direction)

ė tiny deviation

150



Limit 2: Sharp turn (ȝ>§mh)

Evolution of:
ș  (angle of the trajectory)
șp   (angle of the light direction)

Evolution of ȥ=ș-șp
(angle between trajectory & light direction)

ė large deviation with oscillation

Evolution of the trajectory

Soft turn
• Just around the turning point, the trajectory deviates slightly from the 
light direction of the potential due to the centrifugal force.

• After the turn, the trajectory soon relaxes and re-coincides with the light 
direction. 

• There is no explicit oscillation of the trajectory. 

• The adiabatic/entropic modes are approximately the light/heavy modes.
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Evolution of the trajectory

Sharp turn
• Soon after the sharp turn, the trajectory starts to oscillate, with 
considerable amplitude. 

• The adiabatic/entropic modes get rapidly mixed with light/heavy modes. 

• The adibatic (curvature) mode has not necessarily to be light, which can 
be temporarily due to the oscillation. 
[Achucarro, Gong, Hardeman, Palma, Patil, '10. Shiu & Xu, '11, Chen, '11, '12, Gao, Langlois, Mizuno, '12, 
'13]

Oscillatory background during a sharp turn
When the turn is sharp, the oscillating trajectory will induce oscillatory 
parts in background quantities (a, H etc).

Infinitely sharp turn limit (ȝĺ�):

Deviation from the smooth value:

An equation of motion for

ȝĺ�
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Two effects on the perturbations

z  "Free" part (SFSL limit):

        and     are evaluated by     .

z  "Interaction" part (deviation from SFSL):
Effects 1: turning light direction (potential trough)

Effects 2: oscillatory background

Deviation from the single-field slow-roll (SFSL):

Effect 1: turn

Gaussian ansatz:

Effective theory:

with

Two-point interactions:
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Effect 1: turn
Correction to the spectrum (when EFT is valid):

where

with

ĺ There are oscillatory features periodic in k.

Effect 1: turn

The effective theory works quite well!

Oscillation features
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Effect 2: Resonance

For the light mode:

In the infinitely sharp turn limit, we have solved:

An oscillation in background periodic in cosmic time t will induce resonance 
effect, which is periodic in (ln k), in the spectrum of perturbation.
[Chen '11, '12]

Effect 2: Resonance

Contribution to the spectrum of the light mode:

• The oscillation is periodic in ln k, with frequency                        . 
• The resonance features manifest themselves only on very small length 
scales:

• The amplitude is rather small:

• The amplitude is even suppressed on small scales: 

ĺ The resonance feature is subdominant with respect to the oscillatory 
feature caused by the bending potential valley (light direction).
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• Heavy field(s) may play some role in the early Universe.

• Effective single-field description may not be valid.

• Sharp turn may produce oscillatory features in the 
spectra of light mode(s).

Main message from this talk

Thank you for your attention!
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“Primordial spectra from sudden turning trajectory”

by Toshifumi Noumi

[JGRG23(2013)110509]

157



JRGR23 @Hirosaki University, November 5th 2013

Toshifumi Noumi
(Math Phys Lab, RIKEN) 

Primordial spectra
from sudden turning trajectory

mainly based on arXiv:1307.7110 with Masahide Yamaguchi

also JEHP06(2013)051 with M.Yamaguchi and D.Yokoyama

introduction
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inflation: accelerated expansion of the Universe

- explains horizon problem, flatness problem, ...

- generates primordial curvature fluctuations

→ seeds of structures of the Universe

# single-field slow-roll inflation

reality, inflation ends at some finite time, and the approximation (60) although valid at early times,
breaks down near the end of inflation. So the surface ⇥ = 0 is not the Big Bang, but the end of
inflation. The initial singularity has been pushed back arbitrarily far in conformal time ⇥ ⇤ 0, and
light cones can extend through the apparent Big Bang so that apparently disconnected points are
in causal contact. In other words, because of inflation, ‘there was more (conformal) time before
recombination than we thought’. This is summarized in the conformal diagram in Figure 9.

6 The Physics of Inflation

Inflation is a very unfamiliar physical phenomenon: within a fraction a second the universe grew
exponential at an accelerating rate. In Einstein gravity this requires a negative pressure source or
equivalently a nearly constant energy density. In this section we describe the physical conditions
under which this can arise.

6.1 Scalar Field Dynamics

reheating

Figure 10: Example of an inflaton potential. Acceleration occurs when the potential energy of
the field, V (⇤), dominates over its kinetic energy, 1

2 ⇤̇2. Inflation ends at ⇤end when the
kinetic energy has grown to become comparable to the potential energy, 1

2 ⇤̇2 ⇥ V . CMB
fluctuations are created by quantum fluctuations �⇤ about 60 e-folds before the end of
inflation. At reheating, the energy density of the inflaton is converted into radiation.

The simplest models of inflation involve a single scalar field ⇤, the inflaton. Here, we don’t
specify the physical nature of the field ⇤, but simply use it as an order parameter (or clock) to
parameterize the time-evolution of the inflationary energy density. The dynamics of a scalar field
(minimally) coupled to gravity is governed by the action

S =
⇤

d4x
⌅
�g

�
1
2
R +

1
2
gµ⇥⇧µ⇤ ⇧⇥⇤� V (⇤)

⇥
= SEH + S⇤ . (61)

The action (61) is the sum of the gravitational Einstein-Hilbert action, SEH, and the action of a
scalar field with canonical kinetic term, S⇤. The potential V (⇤) describes the self-interactions of the

31

approx. de-Sitter

L = �1
2
�µ��µ�� V (�)

- introduce an inflaton field:
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# single-field slow-roll inflation

reality, inflation ends at some finite time, and the approximation (60) although valid at early times,
breaks down near the end of inflation. So the surface ⇥ = 0 is not the Big Bang, but the end of
inflation. The initial singularity has been pushed back arbitrarily far in conformal time ⇥ ⇤ 0, and
light cones can extend through the apparent Big Bang so that apparently disconnected points are
in causal contact. In other words, because of inflation, ‘there was more (conformal) time before
recombination than we thought’. This is summarized in the conformal diagram in Figure 9.

6 The Physics of Inflation

Inflation is a very unfamiliar physical phenomenon: within a fraction a second the universe grew
exponential at an accelerating rate. In Einstein gravity this requires a negative pressure source or
equivalently a nearly constant energy density. In this section we describe the physical conditions
under which this can arise.

6.1 Scalar Field Dynamics

reheating

Figure 10: Example of an inflaton potential. Acceleration occurs when the potential energy of
the field, V (⇤), dominates over its kinetic energy, 1

2 ⇤̇2. Inflation ends at ⇤end when the
kinetic energy has grown to become comparable to the potential energy, 1

2 ⇤̇2 ⇥ V . CMB
fluctuations are created by quantum fluctuations �⇤ about 60 e-folds before the end of
inflation. At reheating, the energy density of the inflaton is converted into radiation.

The simplest models of inflation involve a single scalar field ⇤, the inflaton. Here, we don’t
specify the physical nature of the field ⇤, but simply use it as an order parameter (or clock) to
parameterize the time-evolution of the inflationary energy density. The dynamics of a scalar field
(minimally) coupled to gravity is governed by the action

S =
⇤

d4x
⌅
�g

�
1
2
R +

1
2
gµ⇥⇧µ⇤ ⇧⇥⇤� V (⇤)

⇥
= SEH + S⇤ . (61)

The action (61) is the sum of the gravitational Einstein-Hilbert action, SEH, and the action of a
scalar field with canonical kinetic term, S⇤. The potential V (⇤) describes the self-interactions of the

31

approx. de-Sitter

L = �1
2
�µ��µ�� V (�)

- introduce an inflaton field:

ds2 = �dt2 + a(t)2d�x2

- FRW spacetime

H(t) =
ȧ

a
- Hubble parameter:
horizon problem
observation(

ln
�
a(tf )
a(ti)

�
� 60 � =

�̇

�H
� 1� = � Ḣ

H2
� 1

This simplest model well explains the current observational data!

as a probe of high energy physics?

possibly as a deviation from single-field slow-roll inflation
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models based on high energy theory have been also discussed
(ex. supergravity, superstring theory, ...)

massive scalar fields other than inflaton

one generic feature of such high energy based models:

supergravity: generically 

extra dimensions: Kaluza-Klein modes

superstring theory: moduli of compactification

mscalar ⇠ H

models based on high energy theory have been also discussed
(ex. supergravity, superstring theory, ...)

massive scalar fields other than inflaton

one generic feature of such high energy based models:

supergravity: generically 

extra dimensions: Kaluza-Klein modes

superstring theory: moduli of compactification

mscalar ⇠ H

can affect primordial curvature perturbations!?
can be used as a probe of high energy physics!?

ex. Chen, Shiu-Xu, Achucarro et al, Gao et al, Saito et al, Shi-Sasaki
recent works in this direction:
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when heavy fields become relevant?

suppose that the potential has a massive direction
in addition to the slow-roll direction

slow-roll

massive

�sr

�?
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- single field approximation works well
- don’t feel the massive potential 
if you roll along the bottom of potential...

- single field approximation works well
- don’t feel the massive potential 
if you roll along the bottom of potential...

no information about massive fields
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if you turn and climb the potential...
- massive potential becomes relevant to your dynamics
- deviation from single-field slow-roll inflation

if you turn and climb the potential...
- massive potential becomes relevant to your dynamics
- deviation from single-field slow-roll inflation

can be a probe of high energy physics
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possible scenarios for heavy field oscillations:

1. turning potential (cf. talks by Xian Gao and Ryo Saito )

it would be meaningful to discuss
effects of such oscillations on primordial curvature perturbations

2. phase transition (of massive direction)

set up
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set up

↵

bottom of the potential
(slow-roll direction)

- canonical kinetic terms

- sudden turning potential:

turning point

set up

↵

bottom of the potential
(slow-roll direction)

- canonical kinetic terms

- sudden turning potential:

turning point
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set up

↵

bottom of the potential
(slow-roll direction)

�k�?

�k

�?

- canonical kinetic terms

- separable sudden turning potential:

turning point

V (�i) = Vsr(�k) +
m2

2
�2
? +

�

4!
�4
?

set up

↵

bottom of the potential
(slow-roll direction)

# before the turn:
background trajectory is along slow-roll direction
→ single-field slow-roll inflation

�sr

�?

turning point
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set up

↵

heavy field oscillations (deviation from single field)
# after the turn:

# before the turn:
background trajectory is along slow-roll direction
→ single-field slow-roll inflation

�sr

�?

˙�? ' ↵ ˙�sr e
� 3

2Hsr(t�t⇤)
cos[m(t� t⇤)]

turning point

how heavy field oscillations affect inflation?
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two effects of heavy field oscillations:

1. deformations of Hubble parameter

2. conversion interactions

two effects of heavy field oscillations:

1. deformations of Hubble parameter

2. conversion interactions
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bottom of the potential
(slow-roll direction)

�sr

�?

# Deformations of Hubble parameter

if background trajectory oscillates...

Friedman equation: �2M2
PlḢ = �̇2

sr + �̇2
?

- deformed Hubble parameter Ḣ = Ḣsr + �Ḣ

oscillating

# Deformations of Hubble parameter

※ Hubble deformation affects adiabatic perturbations

⇡
� ⇣ = �H⇡ ※ we take kinetic basis

(cf. potential basis in Gao et al.)
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# Deformations of Hubble parameter

kinetic term of adiabatic mode is modified:

※ Hubble deformation affects adiabatic perturbations

⇡
� ⇣ = �H⇡

S =

Z
dtd3x a3(�M2

PlḢ)


⇡̇2 � (@i⇡)2

a2

�

※ we take kinetic basis
(cf. potential basis in Gao et al.)

# Deformations of Hubble parameter

kinetic term of adiabatic mode is modified:

※ Hubble deformation affects adiabatic perturbations

S =

Z
dtd3x a3(�M2

PlḢsr)


⇡̇2 � (@i⇡)2

a2

�

+

Z
dtd3x a3(�M2

Pl�Ḣ)


⇡̇2 � (@i⇡)2

a2

�

Ḣ = Ḣsr + �Ḣ

⇡
� ※ we take kinetic basis

(cf. potential basis in Gao et al.)
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# Deformations of Hubble parameter

kinetic term of adiabatic mode is modified:

※ Hubble deformation affects adiabatic perturbations

→ can be seen as an oscillating π-π interaction
deviation from single-field slow-roll inflation

S =

Z
dtd3x a3(�M2

PlḢsr)


⇡̇2 � (@i⇡)2

a2

�

+

Z
dtd3x a3(�M2

Pl�Ḣ)


⇡̇2 � (@i⇡)2

a2

�

Ḣ = Ḣsr + �Ḣ

⇡
� ※ we take kinetic basis

(cf. potential basis in Gao et al.)

two effects of heavy field oscillations:

1. deformations of Hubble parameter

2. conversion interactions
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# conversion interaction

adiabatic isocurvature
⇡ �⇡

�

# conversion interaction

adiabatic isocurvature
⇡ �⇡

�
conversion×
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# conversion interaction

adiabatic isocurvature
⇡ �

r

✓

⇡
�

conversion×

background trajectory

# conversion interaction

adiabatic isocurvature
⇡ �

�r

�✓
r

✓

kinetic term：

,                   ✓ = ✓̄ + �✓r = r̄ + �r

r2@µ✓@
µ✓ 3 (r̄ ˙̄✓) �r �̇✓

⇡
�

conversion×
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# conversion interaction

adiabatic isocurvature
⇡ �

�r

�✓
r

✓

kinetic term：

,                   ✓ = ✓̄ + �✓r = r̄ + �r

r2@µ✓@
µ✓ 3 (r̄ ˙̄✓) �r �̇✓

⇡
�

conversion×

# conversion interaction

adiabatic isocurvature
⇡ �

�r

�✓
r

✓

kinetic term：

cf. centrifugal force

,                   ✓ = ✓̄ + �✓r = r̄ + �r

r2@µ✓@
µ✓ 3 (r̄ ˙̄✓) �r �̇✓

coupling     angular velocity / ˙̄✓

�̈r ⇠ r✓̇2

⇡
�

conversion×
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# conversion interaction

conversion interaction
with oscillating coupling β

adiabatic isocurvature
⇡ �

conversion×
�(t)⇡̇�

�r

�✓
r

✓

kinetic term：

cf. centrifugal force

,                   ✓ = ✓̄ + �✓r = r̄ + �r

r2@µ✓@
µ✓ 3 (r̄ ˙̄✓) �r �̇✓

coupling     angular velocity / ˙̄✓

�̈r ⇠ r✓̇2

⇡
�

two effects of heavy field oscillations:

① Hubble deformation → π-π interaction
Z

dtd3x a3(�M2
Pl�Ḣ)


⇡̇2 � (@i⇡)2

a2

�

② π-σ conversion interaction
Z

dtd

3
x a

3
�(t)⇡̇�

※          and        are oscillating�(t)�Ḣ(t)
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effects on primordial power spectrum

=

+ +x x x
� �⇡2

x x x x
� �⇡� ⇡�

h⇡k ⇡k0i x x
� �

P⇣(k) =
H2

sr

8⇡2M2

sr

✏
sr

(1 + C�H + C
conv

)power spectrum:

# effects on primordial power spectrum

H2h⇡k ⇡k0i = h⇣k ⇣k0i = (2⇡)3�(3)(k+ k0)
2⇡2

k3
P⇣(k)
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=

+ +x x x
� �⇡2

x x x x
� �⇡� ⇡�

h⇡k ⇡k0i x x
� �

P⇣(k) =
H2

sr

8⇡2M2

sr

✏
sr

(1 + C�H + C
conv

)power spectrum:

# effects on primordial power spectrum

single field slow-rollsingle field slow-roll

→ almost scale-invariant PS

=

+ +x x x
� �⇡2

x x x x
� �⇡� ⇡�

h⇡k ⇡k0i x x
� �

k

P⇣(k)

H2
sr

8⇡2M2
sr✏sr

0

P⇣(k) =
H2

sr

8⇡2M2

sr

✏
sr

(1 + C�H + C
conv

)power spectrum:

# effects on primordial power spectrum

single field slow-rollsingle field slow-roll

→ almost scale-invariant PS
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=

+ +x x x
� �⇡2

x x x x
� �⇡� ⇡�

h⇡k ⇡k0i x x
� �

k

P⇣(k)

H2
sr

8⇡2M2
sr✏sr

0

P⇣(k) =
H2

sr

8⇡2M2
sr✏sr

P⇣(k) =
H2

sr

8⇡2M2

sr

✏
sr

(1 + C�H + C
conv

)

deviations

power spectrum:

# effects on primordial power spectrum

=

+ +x x x
� �⇡2

x x x x
� �⇡� ⇡�

h⇡k ⇡k0i x x
� �

k

P⇣(k)

H2
sr

8⇡2M2
sr✏sr

0

P⇣(k) =
H2

sr

8⇡2M2
sr✏sr

P⇣(k) =
H2

sr

8⇡2M2

sr

✏
sr

(1 + C�H + C
conv

)

deviations

power spectrum:

# effects on primordial power spectrum
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k⇤

k⇤ : scale of the turn

C�H(k)

↵2
for m = 20Hsr

# effects on primordial power spectrum
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k⇤

k⇤ : scale of the turn

C�H(k)

↵2
for m = 20Hsr

wavy features around                 :k ⇠ 20k⇤

can be understood as resonances

# effects on primordial power spectrum

[Chen, Saito et al]

cf. swing
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k

k⇤

k⇤

k ⇠ 20k⇤

for m = 20Hsr

wavy features around                 :

can be understood as resonances
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# effects on primordial power spectrum
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# effects on primordial power spectrum

- resonance from each contribution ~ ↵2
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⌘1/2

- peak at the turn ~ ↵2 m
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red: Hubble deformation
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resonance cancelation!

# effects on primordial power spectrum

- resonance from each contribution ~ ↵2
⇣ m

Hsr

⌘1/2

- peak at the turn ~ ↵2 m

Hsr
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total deviation C�H(k) + C
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(k)

k

k⇤

# effects on primordial power spectrum

- resonance from each contribution ~ ↵2
⇣ m

Hsr

⌘1/2

- peak at the turn ~ ↵2 m

Hsr

- resonance cancellation between the two effects
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peak at the turning scale

# effects on primordial power spectrum

- resonance from each contribution ~ ↵2
⇣ m

Hsr

⌘1/2

- peak at the turn ~ ↵2 m

Hsr

- resonance cancellation between the two effects
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why resonances cancel each other out?

# effects on primordial power spectrum

why resonances cancel each other out?

# effects on primordial power spectrum

- Hubble deformation effects M2
Pl�Ḣ⇡2 ⇠ �̇2

?⇡
2

�Ḣ※       originates from velocity �̇?
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why resonances cancel each other out?

# effects on primordial power spectrum

- Hubble deformation effects M2
Pl�Ḣ⇡2 ⇠ �̇2

?⇡
2

- conversion interactions�⇡̇� ⇠ �̈?⇡�

※ conversion originates from angular velocity �̈?

�̇sr

�Ḣ※       originates from velocity �̇?
✓ ' �̇?

�̇sr

✓

why resonances cancel each other out?

# effects on primordial power spectrum

- Hubble deformation effects M2
Pl�Ḣ⇡2 ⇠ �̇2

?⇡
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- conversion interactions�⇡̇� ⇠ �̈?⇡�

→ x x x x
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x x x
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※ conversion originates from angular velocity �̈?
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�Ḣ※       originates from velocity �̇?
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✓
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why resonances cancel each other out?

# effects on primordial power spectrum

- Hubble deformation effects M2
Pl�Ḣ⇡2 ⇠ �̇2

?⇡
2

- conversion interactions�⇡̇� ⇠ �̈?⇡�

→ x x x x
� �⇡� ⇡�

x x x
� �

～
�̈2
? ⇡2

※ conversion originates from angular velocity �̈?

�̇sr

�Ḣ※       originates from velocity �̇?

- couplings of the two interactions have opposite phases

✓ ' �̇?

�̇sr

✓

→˙�2
? ⇠ cos

2 mt �̈2
? ⇠ sin2 mt

→ negative correlation between the two resonances

why resonances cancel each other out?

# effects on primordial power spectrum

- Hubble deformation effects M2
Pl�Ḣ⇡2 ⇠ �̇2

?⇡
2

- conversion interactions�⇡̇� ⇠ �̈?⇡�

→ x x x x
� �⇡� ⇡�

x x x
� �

～
�̈2
? ⇡2

※ conversion originates from angular velocity �̈?

�̇sr

�Ḣ※       originates from velocity �̇?

- couplings of the two interactions have opposite phases

→ negative correlation between the two resonances

✓ ' �̇?

�̇sr

✓

→˙�2
? ⇠ cos

2 mt �̈2
? ⇠ sin2 mt

cos

2 mt+ sin

2 mt = 1 : no oscillations → no resonances

canonical kinetic terms
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Summary and prospects

effects of heavy field oscillations on primordial spectra

are discussed as a possible probe of high energy physics 

# Summary and prospects

・two effects
- deformation of Hubble parameter
- conversion between adiabatic and isocurvature perturbations

・two scales
- resonance features around mass scale of heavy fields
- peak at the turning scale

・resonance cancellation in models with canonical kinetic term
・bispectra are also discussed in our paper
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# Summary and prospects

prospects:

1. primordial spectra for more general models
- phase trans., two-field open inflation, derivative interaction,...
- resonance cancellation occurs or not??
- what is the most robust signal? peak or resonance??

2. detectability
- peak (spike) in the primordial spectrum
- oscillating CMB power spectrum??
- constraints from primordial black holes??

Thank you!
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primordial bispectrum

scalar three-point functions:

# primordial bispectra

h⇡k1⇡k2⇡k3i

×

�

� �

�

� �

= +

Hubble deformation conversion

O(↵2)

×

× ×

�

� �

+

conversion

O(�̃↵2) �̃(     ～ σ cubic interaction)
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# primordial bispectra

×

�

� �

�

� �

+

Hubble deformation conversion

O(↵2)

※ shape function:S(k1, k2, k3) ⇠
(3-pt)

(2-pt)2
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m = 5Hsr, k1 = 5k⇤ m = 20Hsr, k1 = 20k⇤

Figure 9: Shape function SδH with fixed maximum momentum. In the left figure, −SδH/α2

with m = 5Hsr and k1 = 5k∗ is plotted as a function of k2/k1 and k3/k1. In the right figure,
SδH/α2 with m = 20Hsr and k1 = 20k∗ is plotted as a function of k2/k1 and k3/k1. In this type
of conventional 3D plots, SδH takes a wavy form and has a peak at the squeezed momentum
configuration k1 = k2 ≫ k3.

We can also find a peak at the squeezed configuration k1 = k2 ≫ k3. These features can be

understood using the analytic expression (4.21) as follows: First, just as discussed in Sec. 4.1.1,

the integral Ĩ can be estimated via the stationary phase approximation as

Ĩ(n, µ, x) ≃ − i

2
α2 I(2iµ, n, x) ∼ 23+n

√
π α2

(µ
x

)3
µn+ 1

2 . (4.24)

Then, the contribution from Ĩ(1, µ, x) dominates in (4.21) unless the prefactors
∑

i>j

αiαj

α1α2α3

and/or
∑

i

α2
i

α1α2α3
are large. In other words, Ĩ(1, µ, x) dominates unless we take the squeezed

limit:

SδH(k1, k2, k3) ≃
1

8
Im
[
Ĩ (1, µ, kt/k∗)

]
for α3 !

1

µ
, (4.25)

which depends only on the total momentum kt = k1 + k2 + k3. Because of this property, SδH

is almost flat along the direction k2 + k3 = constant. In the squeezed limit k1 = k2 ≫ k3,

on the other hand, the prefactors
∑

i>j

αiαj

α1α2α3
and

∑

i

α2
i

α1α2α3
diverge so that a peak appears

at the squeezed point. Also notice that the peak becomes sharp for the large mass because
Ĩ (1, µ, kt/k∗)

Ĩ (0, µ, kt/k∗)
∼ µ and therefore the region Ĩ (1, µ, kt/k∗) dominates becomes larger for large µ.
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for m = 5H
sr

, k
1

= 4k⇤ �eS
conv2

for m = 20H
sr

, k
1

= 4k⇤

�eS
conv2

for m = 5H
sr

, kt = 8k⇤ �eS
conv2

for m = 20H
sr

, kt = 9k⇤

Figure 16: Shape of Sconv2. In the upper/lower figures, S̃conv2 is plotted with maximum/total
momenta being fixed. We observe that the shape function Sconv2 vanishes at the squeezed
configuration.

vanishes in the squeezed limit. The fNL parameter around the resonance scale and at the peak

can be read off from the numerical results as

fNL ∼ λα2

µ4

2M2
Plϵsr

H2
sr

× α2µ5/2 ×O(0.1) around the resonance scale , (4.55)

fNL ∼ λα2

µ4

2M2
Plϵsr

H2
sr

× α2µ3 ×O(0.1) at the peak . (4.56)

Using the perturbativity condition
λα2

µ4

2M2
Plϵsr

H2
sr

! 1, we have

fNL ! α2µ5/2 ×O(0.1) around the resonance scale , (4.57)

fNL ! α2µ3 ×O(0.1) at the peak . (4.58)
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“Excitation of a heavy scalar field: Turn in the inflaton trajectory”

by Ryo Saito

[JGRG23(2013)110510]
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Excitation of a heavy scalar field: 
Turn in the inflaton trajectory 

Ryo Saito �YITP��Shuntaro Mizuno �APC� 

2013/11/4�JGRG23 / Hirosaki University�

RS & S. Mizuno, in preparation�

Introduction 

Inflation ‒ Accelerated expansion in the very early universe  
 - solves unnatural points in the standard Big Bang theory. 
 - provides the seed of the structures in the universe, 
 primordial density/curvature fluctuations, 

 from microscopic quantum fluctuations. 
They are supposed to be governed by short-distance physics. 

 Cosmological observations could provide a window into physics 
beyond the reach of terrestrial experiments.�
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“Heavy” scalar fields 

 H  Is there any chance to probe heavy scalar fields? 

[Chen & Wang 09, Tolley & Wyman 09, Achucarro+ 10,  Shiu & Xu 11,  Chen 11, Pi & Sasaki 12, RS+ 12, 13, 
Sespedes+ 12, Gao+ 12, Noumi+ 12, 13, Burgess+ 13,…..] 

�Heavy scalar fields can produce fine features in the primordial spectra 
when the inflaton trajectory is curved. 

イメ
ージ
を表

イメ
ージ
を表

 The primordial fluctuations are originated from fluctuations in light (m<H) 
scalar fields (Inflatons), 

while fluctuations in heavy (M>H) scalar fields are decayed away.�

In general, there are a number of scalar fields in a model of inflation.�

Modeling a turning trajectory 

[Gao, Langlois, & Mizuno 12] 

-  Two-field system with a single light/heavy field. 
-  During a turn, the heavy scalar field is excited from its minimum: 
For soft turn (µ<M), it smoothly relaxes to the minimum. 
For sharp turn (µ>M), the trajectory oscillates around the minimum.�

Variation of the angle: 
Δθ 
 
Duration of the turn: 
µ ~ (dθ/dt)/Δθ ~ 1/Δt 
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Fine features in the primordial spectra 

Two features induced by the turn:�

- Large mixing between the light and heavy modes�
[Chen & Wang 09, Tolley & Wyman 09, Achucarro+ 10, 11, 12,  Shiu & Xu 11,  Pi & Sasaki 12, 
Sespedes+ 12, Gao+ 12, Noumi+ 12, 13, Burgess+ 13] 

- Resonance between the excited oscillation and the fluctuations�
[Chen 11, RS+ 12, 13, Gao+ 12, Noumi+ 12, 13] 

�P�

P�
� (1� c2

s)
���

�

� �
M

H

�1/2

(For sharp turn:µ > M)
at k/aturn � M

Energy fraction of the excited heavy scalar field.�For cs � 1

�P�

P�
�

�
��2

� µ
H

�
(For soft turn: µ < M)

��2
�

M
H

�
(For sharp turn: µ > M)

at k/aturn � H

For cs � 1

Fine features in the primordial spectra 
For sharp turn,  
  two correlating features are expected to appear in the power spectrum. 
 (Features are also expected to be induced in the bispectrum.)�

� ��2

�
M

H

�

kresonance/kmix � M/H

 We can obtain an evidence for heavy scalar fields if correlating features  
are detected in the primordial spectra (power spectrum/bispectrum).�

“�fNL” � (1� c2
s)

2
���

�

� �
M

H

�5/2

Bispectrum:�

� (1� c2
s)

���

�

� �
M

H

�1/2
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Fine features in the primordial spectra 
For sharp turn,  
  two correlating features are expected to appear in the power spectrum. 
 (Features are also expected to be induced in the bispectrum.)�

 We can obtain an evidence for heavy scalar fields if correlating features  
are detected in the primordial spectra (power spectrum/bispectrum).�

Which parameters determine the efficiency of the excitation (incl. cs) ?�

“�fNL” � (1� c2
s)

2
���

�

� �
M

H

�5/2

Bispectrum:�
kresonance/kmix � M/H

� (1� c2
s)

���

�

� �
M

H

�1/2
� ��2

�
M

H

�

Background dynamics 

cs �
�

1� f �̇2�̈I +
�

3H � ċs

cs

�
�̇I + csV,I = 0 ,

Speed of sound�→ Reduction of the friction + Flattening of the potential 

Evolution equation:�

More efficient excitation?�

D � det
�
�I
J � f�µ�I�µ�J

�
P (XIJ ,�I) = � 1

f(�I)

��
D � 1

�
� V

�
�I

�
,

Action (DBI action):�

     Derivative couplings 
�  Cs < 1�
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Background dynamics 

cs �
�

1� f �̇2�̈I +
�

3H � ċs

cs

�
�̇I + csV,I = 0 ,

Speed of sound�→ Reduction of the friction + Flattening of the potential 

Evolution equation:�

More efficient excitation?�

µ >
�

csM

Condition to excite the heavy scalar field (sharp turn):�

(cf. Gao, Langlois, & Mizuno 12) 

The flattening of the potential is more important effect. 
(The variation in the speed of sound during the turn can be neglected.)�

Numerical estimation�

(� 1/�tturn)

Efficiency of the excitation 

��/�

µ/
�

csM

�� = �/20

�� = �/10

�� = �/100

The parameters are fixed to fit the data.�

Sharpness of the turn�

Efficiency�
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Efficiency of the excitation 

��/�

µ/
�

csM

�� = �/20

�� = �/10

�� = �/100

The parameters are fixed to fit the data.�

Sharpness of the turn�

Efficiency�

  The efficiency approaches asymtotically to Δθ2 independent of  
the heavy mass “M” and the speed of sound “cs”. 

The result can be verified analytically assuming the change in cs is negligible.�

“�fNL,resonance” � (1� c2
s)

2

�
M

H

�3/2 �P�,mix

P�

�P�,resonance

P�
� (1� c2

s)
�

M

H

��1/2 �P�,mix

P�

Relation between two features 

- From the mixing� [Gao, Langlois, & Mizuno 12, Noumi & Yamaguchi 13] 

��/� � (��)2

Suppressed�

Enhanced�

The features from resonance appear in the bispectrum.�

For cs � 1 and µ� �csM

�P�,mix

P�
� (��)2

�
M

H

�

- From the resonance� kresonance/kmix � M/H

cs = �r/8nt or � �(f equil
NL )�1/2
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Summary 
-  Features in the primordial spectra could be a probe of short-distance  
Physics behind inflation.�

-  Correlating features induced by a sharp turn in the inflaton trajectory 
   � Large signal in the bispectrum�

 Simultaneous detection of the features from the mixing and the resonance  
can strengthen the evidence for heavy DoF during inflation. 
↑�We need to analyze the bispectrum taking into account the scale dependence.�

Features for a small speed of sound�

-  Need to check�

cs = O(0.1)
• Kinematic basis vs. Mass basis, Mass matrix,… 
 
• Large equilateral bispectrum and folded bispectrum (from non-BD components) 
(Large mixing through the derivative couplings)�
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“LiteBIRD, Lite (Light) satellite for the studies of B-mode polarization 

 and inflation from cosmic background radiation detection”

by Tomotake Matsumura (invited)

[JGRG23(2013)110511]
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A Small Satellite for the Studies of  
B-mode Polarization and Inflation from 

Cosmic Background Radiation Detection 

LiteBIRD 

Tomotake Matsumura 
 on behalf of LiteBIRD working group 

High Energy Accelerator Institute (KEK) 

November(5,(2013( 1(JGRG23@Hirosaki(

November(5,(2013( JGRG23@Hirosaki( 2(

Current'view'of'the'Universe'

Cosmic(Microwave(Background((CMB)(RadiaCon(

hEp://lambda.gsfc.nasa.gov/(

History of the Universe 

13.8'
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November(5,(2013( JGRG23@Hirosaki( 3(

6 parameters to describe the Universe 

Initial condition 
As , ns 

Reionization 
τ 

Propagation of plasma  
Ωbh2: Baryon(
Ωch2: Cold dark matter(
(

observer 

h:(Hubble parameter 

November(5,(2013( JGRG23@Hirosaki( 4(

Cosmic(Microwave(Background((CMB)(RadiaCon(

From(Planck(2013(results.(I.(Overview(of(products(and(scienCfic(results(
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(Beyond'the'standard'
•  Par9cle'physicists'might'think(

–  NonSbaryonic(dark(maEer(
–  Dark(energy(
–  Neutrino(mass(

–  Nearly(scaleSinvariant,(Gaussian,(and(apparently(acausal(density(perturbaCons(
–  Baryon(asymmetry(
–  …(

•  Cosmologists'would'think'
–  Origin(of(the(structure(
–  Flatness(problem(
–  Horizon(problem(
–  Monopole(problem(
–  …(

November(5,(2013( JGRG23@Hirosaki( 5(

From(H.(Murayama,(arXiv:0704.2276(

(Beyond'the'standard'
•  Par9cle'physicists'might'think(

–  NonSbaryonic(dark(maEer(
–  Dark(energy(
–  Neutrino(mass(
–  Nearly(scaleSinvariant,(Gaussian,(and(apparently(acausal(density(perturbaCons(
–  Baryon(asymmetry(
–  …(

•  Cosmologists'would'think'
–  Origin(of(the(structure(
–  Flatness(problem(
–  Horizon(problem(
–  Monopole(problem(
–  …(

November(5,(2013( JGRG23@Hirosaki( 6(

From(H.(Murayama,(arXiv:0704.2276(

Use'CMB'to'probe'these!'
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��

Probing matter distribution 
Search for B-mode polarization 
that is converted from E-mode 
polarization due to the weak 
gravitational lensing effect. 

Probing the inflationary paradigm 
Search for the imprinted B-mode 
polarization to look back in time beyond 
the last scattering surface. 

Use CMB to probe beyond 

November(5,(2013(

 CMB polarization 

•  CMB has polarization regardless of the 
existence of inflation. 

•  The quadrupole pattern at the last 
scattering surface generate the linearly 
polarized light. 

•  The source of quadrupole pattern, 
–  Primordial density perturbations 

  ��E-mode 
–  Primordial gravitational wave via inflation 

  ��E-mode and B-mode 

November(5,(2013( JGRG23@Hirosaki( 8(
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 CMB polarization 

•  CMB has polarization regardless of the 
existence of inflation. 

•  The quadrupole pattern at the last 
scattering surface generate the linearly 
polarized light. 

•  The source of quadrupole pattern, 
–  Primordial density perturbations 

  ��E-mode 
–  Primordial gravitational wave via inflation 

  ��E-mode and B-mode 

November(5,(2013( JGRG23@Hirosaki( 9(

The detection of B-mode pattern may result from 
•  Inflation? 
•  B-mode converted from E-mode pattern due to the weak 

gravitational lensing effect of the large scale structure.  
•  polarized foreground emissions (e.g. dust, synchrotron) 

ESmode( E(and(BSmode(

 CMB polarization 

•  CMB has polarization regardless of the 
existence of inflation. 

•  The quadrupole pattern at the last 
scattering surface generate the linearly 
polarized light. 

•  The source of quadrupole pattern, 
–  Primordial density perturbations 

  ��E-mode 
–  Primordial gravitational wave via inflation 

  ��E-mode and B-mode 

November(5,(2013( JGRG23@Hirosaki( 10(

The detection of B-mode pattern may result from 
•  Inflation? 
•  B-mode converted from E-mode pattern due to the weak 

gravitational lensing effect of the large scale structure.  
•  polarized foreground emissions (e.g. dust, synchrotron) 
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 CMB Power spectra 

•  CMB(polarizaCon(is(expected(to(be(linearly((
(polarized.((

•  Quadrupole(paEern(around(the(scaEering((
(center(creates(the(linearly(polarized(light.(

•  Sources(of(the(quadrupole(paEern:(
–  Primordial'density'perturba9on'

' '→�EEmode'
–  Primordial'gravita9onal'wave'originated'from'infla9on'

' '→�EEmode'and'BEmode'

Warning!'
(The(detecCon(of(BSmode(paEern(does(not(necessary(guarantee(for(the(
detecCon(of(primordial(gravitaConal(wave(BSmode.((
( (S(The(weak(gravitaConal(lensing(mixes(the(ESmode(and(BSmode.(
(((S(The(polarized(galacCc(emission(also(creates(BSmode(paEern.(
'

November(5,(2013( JGRG23@Hirosaki( 11(WMAP(7year(

Hu,(Hedman,(Zaldarriaga((2003)(

TT 

November(5,(2013( JGRG23@Hirosaki( 12(

Experimental limit to inflation 
models 

South'Pole'

Current best limit on r from Planck+WMAP+highl  
 r <0.11 (95%C.L.) 
ns = 0.9548±0.0073, ruling out the scale invariance at over 5� 
 
The observational results already started to constraining the 
inflation models. 
The current limit is nearly limited by the cosmic variance. 
 
 

Atacama'Chile'
ACT(

Planck(at(L2(

Planck2013:(Constraints(on(inflaCon(

SPT/SPTpol(
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SPT/SPTpol(

Experimental limit to inflation 
models 

South(Pole(

Current best limit on r from  Planck+WMAP+highl  
 r <0.11 (95%C.L.) 
ns = 0.9603±0.0073, ruling out the scale invariance at over 5� 
 
The current limit is nearly limited by the cosmic variance. 
 
 

ACT(

Planck(at(L2(

Planck:(Constraints(on(inflaCon(

Next'fron9er'is'to'use'
CMB'polariza9on!'

November(5,(2013( JGRG23@Hirosaki( 14(

Currently these two leading 
experiments put the upper limit 
on r using B-mode polarization. 

BICEP/BICEPII(

Atacama'desert'in'Chile'
�������QUIET'

Limit on r using CMB polarization 
South'Pole'

SPT/SPTpol(
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BICEPSI(three(year(data(Barkats(et(al.((2013)(

Current best limit on r  
Planck+WMAP+highl  
 r <0.11 (95%C.L.) 
 
 
Current best limit from BB 
power spectrum 
BICEP-I three year data,  
r <0.70. Barkats et al. 
(2013) 
 
 
 

Very big community 
wide efforts to probe 
this deeper. 

Current limit on r 

CMB satellite and next 
generation satellite proposals 

November(5,(2013( JGRG23@Hirosaki( 16(
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CMB'satellites'

COBE'(1989)'''''''''''''''''''''''''''''''''''''''WMAP'(2001)'''''''''''�������Planck'(2009)'
Band(
32−90GHz�������������������23−94GHz�������������30−857GHz(�353GHz�(
(

Detectors(
6(radiometers(((((((((((((��(((((((((((((((20(radiometers����������(((11(radiometers(+(52(bolometers�(
(

OperaCon(temperature(
300/140(K((((((((((((((((((((((((((((((((((((((((((90(K((((((((((((((((((((((((((((((((((((((((((((100(mK(
(
Angular(ResoluCno(
~7°�����������������������~0.22°����������������~0.1°(
(

Orbit(
�Sun(Synch((������������������L2����������������������L2(

Next generation!
CMB satellite!

November(5,(2013( 17(JGRG23@Hirosaki(

CMB'satellites'

COBE'(1989)'''''''''''''''''''''''''''''''''''''''WMAP'(2001)'''''''''''�������Planck'(2009)'
Band(
32−90GHz�������������������23−94GHz�������������30−857GHz(�353GHz�(
(

Detectors(
6(radiometers(((((((((((((��(((((((((((((((20(radiometers����������(((11(radiometers(+(52(bolometers�(
(

OperaCon(temperature(
300/140(K((((((((((((((((((((((((((((((((((((((((((90(K((((((((((((((((((((((((((((((((((((((((((((100(mK(
(
Angular(ResoluCno(
~7°�����������������������~0.22°����������������~0.1°(
(

Orbit(
�Sun(Synch((������������������L2����������������������L2(

November(5,(2013( 18(JGRG23@Hirosaki(

EE 

BB 

Next generation!
CMB satellite!
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CMB'satellites'

COBE'(1989)'''''''''''''''''''''''''''''''''''''''WMAP'(2001)'''''''''''�������Planck'(2009)'
Band(
32−90GHz�������������������23−94GHz�������������30−857GHz(�353GHz�(
(

Detectors(
6(radiometers(((((((((((((��(((((((((((((((20(radiometers����������(((11(radiometers(+(52(bolometers�(
(

OperaCon(temperature(
300/140(K((((((((((((((((((((((((((((((((((((((((((90(K((((((((((((((((((((((((((((((((((((((((((((100(mK(
(
Angular(ResoluCno(
~7°�����������������������~0.22°����������������~0.1°(
(

Orbit(
�Sun(Synch((������������������L2����������������������L2(

November(5,(2013( 19(JGRG23@Hirosaki(

EE 

BB 

Next generation!
CMB satellite!

1/12/12 4:47 AMGoogle Maps

Page 1 of 2http://maps.google.com/maps?hl=en&tab=wl

To see all the details that are visible on the

screen, use the "Print" link next to the map.

November(5,(2013( Tomotake(Matsumura( 20(

1/12/12 4:47 AMGoogle Maps

Page 1 of 2http://maps.google.com/maps?hl=en&tab=wl

To see all the details that are visible on the

screen, use the "Print" link next to the map.

EPIC'

PIXIE'

US'base'mission'concepts'

COrE'

PRISM'

Europe'base'mission'concepts'

LiteBIRD(

This'mission'proposal''
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LiteBIRD'

November(5,(2013( JGRG23@Hirosaki( 21(

LiteBIRD(working(group�
JAXA 
H. Fuke 
I. Kawano 
H. Matsuhara  
K. Mitsuda 
T. Nishibori 
A. Noda  
S. Sakai  
Y. Sato 
K. Shinozaki 
H. Sugita 
Y. Takei 
T. Wada 
N. Yamasaki 
T. Yoshida 
K. Yotsumoto 

Okayama U. 
H. Ishino 
A. Kibayashi 
Y. Kibe 

UC Berkeley 
A. Ghribi 
W. Holzapfel 
A. Lee (US PI) 
P. Richards 
A. Suzuki 

Kinki U. 
I. Ohta 

LBNL 
J. Borrill 

KEK 
Y. Chinone  
K. Hattori  
M. Hazumi (PI)  
M. Hasegawa 
Y. Hori  
N. Kimura  
T. Matsumura 
H. Morii 
R. Nagata 
S. Oguri  
N. Sato  
T. Suzuki 
O. Tajima  
T. Tomaru 
H. Yamaguchi 
M. Yoshida  

SOKENDAI 
Y. Akiba 
Y. Inoue 
H. Ishitsuka 
H. Watanabe 

Tsukuba U. 
M. Nagai  

MPA 
E. Komatsu 

ATC/NAOJ 
K. Karatsu  
T. Noguchi 
Y. Sekimoto 
Y. Uzawa  

Tohoku U. 
M. Hattori 
K. Ishidoshiro 
K. Morishima 

McGill U. 
M. Dobbs 

Yokohama NU. 
S. Murayama 
S. Nakamura 
K. Natsume 

RIKEN 
K. Koga  
S. Mima 
C. Otani  

Kavli IPMU 
N. Katayama 
H. Nishino 

!  69 members (as of Oct. 1, 2013)  !   International and interdisciplinary 

Superconducting Device  
(Berkeley, RIKEN, NAOJ,  
Okayama, KEK etc.)�

CMB experimenters 
(Berkeley, KEK, McGill, Eiichiro)�

X-ray astrophysicists 
(JAXA)�

Infrared astronomers 
(JAXA)�

JAXA engineers, Mission Design  
Support Group, SE office�

Saitama U. 
M. Naruse 

Osaka Pref.  U. 
K. Kimura 
M. Kozu 
H. Ogawa 

Osaka U. 
S. Takakura 

National Inst. 
for Fusion 
Science 
S. Takada 
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LiteBIRD'mission�
•  Check(simple(wellSmoCvated(inflaConary(models(

•  requirement)of)the)uncertainty)on)r 
�stat.(�syst.��foreground(�lensing�(((((((((δr)<'0.001�

No lose theorem of LiteBIRD�

"  Many inflationary models predict r>0.01 # >10sigma discovery 
"  Simple well-motivated inflationary models (single-large-field slow-roll models) 
    have a lower bound on r,  
    r>0.002, from Lyth relation. 

"  no gravitational wave detection at LiteBIRD # exclude well motivated 
    inflationary models (i.e. r<0.002 @ 95% C.L.) 

"  Early indication from non-space-based projects # power spectra at LiteBIRD ! 

JGRG23@Hirosaki(

Design'philosophy'of'LiteBIRD(

November(5,(2013( JGRG23@Hirosaki( 24(

The'science'goal'of'LiteBIRD'is'to'test'the'well'
mo9vated'infla9onary'models'(large'single'field'
slow'roll'models)'with'the'sensi9vity'of'
δr<0.001.'(
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What'is'the'instrumental'specifica9on'in'order'
to'achieve'this?'

Design'philosophy'of'LiteBIRD'
The'science'goal'of'LiteBIRD'is'to'test'the'well'
mo9vated'infla9onary'models'(large'single'field'
slow'roll'models)'with'the'sensi9vity'of'
δr<0.001.'(

JGRG23@Hirosaki(
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SSB (Ne=47-62)
Chaotic (p=0.1)

LiteBIRD

r=0.001

r=0.01

r=0.1

Instrumental'specifica9ons'

November(5,(2013( 26(
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BaEle(field(is(here!(
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JGRG23@Hirosaki(
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November(5,(2013( 27(

Translate'to'the'instrumental'specifica9ons'
The'science'goal'of'LiteBIRD'is'to'test'the'well'
mo9vated'infla9onary'models'with'the'sensi9vity'
of'δr<0.001.'(

Instrumental'specifica9ons ''
S 'Frequency'coverage'60E270'GHz'

S 'Angular'resolu9on:'30'arcmin�@150GHz�'
'
S 'Sensi9vity:'2'uK�arcmin'
''
S 'All'sky'survey'

''
JGRG23@Hirosaki(

November(5,(2013( 28(

Instrumental'specifica9ons'
S 'Frequency'coverage'60E270'GHz'

'→'mul9Ecolor'observa9on'without'using'external'data'
S 'Angular'resolu9on:'30'arcmin�@150GHz�'

→'<'1'm'telescope'
S 'Sensi9vity:'2'uK�arcmin'

→'kilo'pixel'array'
S 'All'sky'survey'

'→'spin'type'scanning'strategy'''

Translate'to'the'instrumental'specifica9ons'

JGRG23@Hirosaki(

The'science'goal'of'LiteBIRD'is'to'test'the'well'
mo9vated'infla9onary'models'with'the'sensi9vity'
of'δr<0.001.'(
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Foreground'removal'and'observing'bands�

November(5,(2013� ���

According(to(N. Katayama and E. Komatsu,  
(ApJ(737,(78((2011), arXiv:1101.5210),  
the(pixelSbased(polarized(foreground(
removal(using(template(method(indicates(
that(we(need(

(#(≥(5(bands(in(50S270GHz�
 
The method do not assume the spectral 
shape of the foreground emission.  

 #(model-independent 
 
The subtraction of the dust and 
synchrotron emissions with the three 
bands (60, 100, 240 GHz) was 
demonstrated with very small bias, 

 r~0.0006. 

JGRG23@Hirosaki(

LiteBIRD'band'selec9on'for'mul9Echroic'pixels�

November(5,(2013� ���

We chose the band locations with the following reasons. 
 

1.  Katayama-Komatsu (2011) suggested the range of frequency from 50-270 
GHz based on the template subtraction.  

2.  We want to exclude the CO lines. 
3.  From the practical consideration such as AR coating on a lenslet array, it 

is reasonable to limit the bandwidth per pixel to Δν/ν~1. 
Above three constraints naturally 
put us to the band locations. 

(((COJ1S0(((((((((((((J2S1((((J3S2(
Large(pixel((Δν/ν=1)(((((((Small(pixel((Δν/ν=1)(
(Δν/ν=0.23(per(band((((((((Δν/ν=0.3(per(band(

60  ''''''78'''''''''100'''''''''''140'''''''''''195''''''''''280'
GHz''''''GHz''''''GHz''''''''''GHz'''''''''''GHz'''''''''GHz'

•  Some room for low frequencies. 

•  Option of distributed band 
centers (more studies needed).�

50-320GHz�

JGRG23@Hirosaki(
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System)overview))

JGRG23@Hirosaki(

$ (Launch(vehicle:(H2(or(Epsilon(

$ (w/(spin(&(precession(scan(
strategy(

$ (To(be(ready(for(Mission(
DefiniCon(Review(in(JFY2013(

$ (Target(launch(year:(2020(
(LEO(or(L2)(

Bore'sight�

SuperE'
conduc9ng'
focal'
plane'
(100mK)�

Primary'
mirror'
(4K)�

Cryocoolers'
(ST/JT'+'ADR)�

2ndary'
mirror''
(4K)�

HWP 

Spin'axis�

November(5,(2013� ���

System)overview))

JGRG23@Hirosaki(

$  Launch(vehicle:(H2(or(Epsilon(
$  w/(spin(&(precession(scan(strategy(
$  To(be(ready(for(Mission(DefiniCon(

Review(in(JFY2013(
$  Target(launch(year:(2020((LEO(or(

L2)(
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Bore'sight�

SuperE'
conduc9ng'
focal'
plane'
(100mK)�

Primary'
mirror'
(4K)�

Cryocoolers'
(ST/JT'+'ADR)�

2ndary'
mirror''
(4K)�

HWP 

Spin'axis�

November(5,(2013� ���

System)overview))

JGRG23@Hirosaki(

30cm 

Crossed(Dragone(ConfiguraCon�

Primary(mirror�

Op9cal'system�
Half-wave plate 

The technology is used at the balloon 
environment by EBEX.�

34(

Boresight 

Secondary 

Primary 
Focal plane 

30cm 

Half-wave plate 

Cryogenically'cooled'Cross'Dragone'telescope''
(((((((((((((((((((((((((((((((((((((((((((((((((((((((baffle(structure(is(not(shown)(((((((((((((((((((((((((((((((((((((((!

�100mK�(

�4K�(

�4K�(

Mod.'efficiency'>'99%''
for'all'the'spectral'range'

Frequency([GHz](

The(conCnuous(HWP(helps((
(1)(avoid(detector(1/fknee(
(2)(miCgate(the(differenCal(systemaCc(effects.(

The(7(stacked(achromaCc(HWP(plates(covers(the(LiteBIRD(bandwidth.(
The(broadband(AR(coaCng(is(required(and(the(simulated(based(
soluCon(exists.(It(is(yet(required(to(be(demonstrated(experimentally.((

November(5,(2013( JGRG23@Hirosaki(
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Op9cal'system�

Boresight 

Secondary 

Primary 
Focal plane 

30cm 

Half-wave plate 

The beam measurement 
setup is built using the 
prototype crossed 
Dragone telescope. 

Cryogenically'cooled'Cross'Dragone'telescope''
(((((((((((((((((((((((((((((((((((((((((((((((((((((((baffle(structure(is(not(shown)(((((((((((((((((((((((((((((((((((((((!

35(

�100mK�(

�4K�(

�4K�(

GRASP'simula9on'for''
''''''''''''sidelobe'evalua9on''

We'also'consider'the'op9on'of'three'mirror'Gregorian'telescope.'

Beam measurements 

��
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�����

�
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��
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�
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�
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Structure(from((
mulCSreflecCon.(

Without(hood,(With(hood,(V(beamSH(beam(

November(5,(2013�
���

Focal'plane'requirement�
Noise(level:(goal(=(2µK�arcmin(((((
((((((requirement:(<(3µK�arcmin)((

To(be(well(below(
“lensing(floor”(

JGRG23@Hirosaki(
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Expected'sensi9vity'on'r�

Lensing(limited�

Foreground(limited�

Foreground(limited�

Cosmic(variance(limited�

Fo
re
gr
ou

nd
(re

sid
ua
l(

Cosmic(variance(limited�

Katayama(
SKomatsu�

with(2(effecCve(years�

November(5,(2013( 37(JGRG23@Hirosaki(

LiteBIRD'focal'plane'design�

November(5,(
2013�

38(

UC'Berkeley''
TES''op9on�

tri-chroic�140/195/280GHz��

tri-chroic�60/78/100GHz��

Tbath = 100mK 

POLARBEAR(
focal(plane(as(
proof(of(principle�

2µKarcmin 
(w/ 2 effective years)�

2022 TES 
bolometers�

JGRG23@Hirosaki(
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LiteBIRD'focal'plane'design�

November(5,(
2013�

39(

UC'Berkeley''
TES''op9on�

tri-chroic�140/195/280GHz��

tri-chroic�60/78/100GHz��

Tbath = 100mK 

POLARBEAR(
focal(plane(as(
proof(of(principle�

2022 TES 
bolometers�

Band centers can be  
distributed to increase the  
effective number of bands 

JGRG23@Hirosaki(

More'space'to'place'<60GHz'detectors'

Detector'op9ons'

November(5,(2013( 40(40(

MKID'op9on'
• (Large'mul9plexing'factor'in'the'MKID'readout''
• 'Large'dynamic'range'
• 'Fast'9me'constant�μsec'

TES'op9on�
• 'A'number'of'ongoing'CMB'projects'employ'the'TES'
bolometers,'including'POLARBEARE1'&'2,'EBEX,'SPTpol,'and'
many.''

POLARBEAR1'focal'plane'

'
Readout'electronics'
based'on'SQUID'and'
DfMUX'(64'MUX).'The'
required'power'is'2W/
SQUID'and'the'total'
power'is'64W.''

JGRG23@Hirosaki(

600'pixels'with'a'single'
line'at'220'GHz' Si lens array 

MKID'development'in''
Na9onal'Astronomical'Observatory'of'Japan'

TES'from'UC'Berkeley'

Readout'from''
''''''McGill'University'

MKID'development'in'KEK'&'Okayama'Univ.'

Q�106'at'0.33K'
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Scan'Strategy'at'L2�

Earth(orbit(

DirecCon(to(the(Sun(

The(Moon�

Bore(sight(

Spin(axis(

LiteBIRD�

cross'link'

0.1rpm�

LiteBIRD(considers(the(opCon(of(L2(and(LEO(

and(study(the(tradeoffs.(

November(5,(2013( JGRG23@Hirosaki( 41(

Planck(and(WMAP(had(observed(from(L2.(

Systema9c'effect'requirements'

November(5,(2013( 42(

We'set'the'required'level'of'each'systema9c'effect'as'1%'of'lensing'floor'in'Cl'at'all'l'range.'

JGRG23@Hirosaki(
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Systema9c'effect'requirements'

November(5,(2013( 43(

Effects' Types' Requirement'
(bias)'

Requirement'
(random)'

Comments' Mi9ga9on'

Absolute(gain( E(→(B Cancel(on(r 3%( CalibraCon(in(
every(10(min.(

Dipole,(planets(

PolarizaCon(
angle(

E(→(B 1(arcmin.( 24(arcmin.(

Beam(size(
stability(

E(→(B O(10%)(
(

Scan(strategy(

Absolute(
poinCng(

E(→(B 6(arcmin.( 25(arcmin.( 20degx30deg(
FOV(

Scan(strategy(

Diff.(poinCng( T(→(B 3.5(arcsec.( 16(arcsec.( ConCnuous(HWP(

Diff.(gain( T(→(B 0.01%( 0.3%( ConCnuous(HWP(

Diff.(beam(size( T(→(B( 0.7%( 2%( ConCnuous(HWP(

Diff.(beam(
ellipCcity(

T(→(B( 7%(@l=2(
0.04%(@(l=300(

2.7(%( ConCnuous(HWP(

We'set'the'required'level'of'each'systema9c'effect'as'1%'of'lensing'floor'in'Cl'at'all'l'range.'

JGRG23@Hirosaki(

Satellite'BUS'system'

November(5,(2013� JGRG23@Hirosaki( 		�

Hinode'(Solar)' Akari'(IR)'

AstroEH'(XEray)'

Mitsubishi'electronic'corp.'(MELCO)'
NEC'
Sumitomo'Heavy'Industry'(SHI)'

and(many(others(

Design'of''
•  Configura9on'
•  Power'system'
•  Thermal'architecture'
•  Attude'control'system'

System'requirement'to'achieve'the'science'goal'
((S(Scan'strategy'
''E'Poin9ng'Accuracy'
''E'Spin'rate'
''E'System'power'requirement'
''E'…'LiteBIRD'

SystemaCcs(study(

Design'itera9on'
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Project'status'
•  Candidate(for(JAXA’s(future(missions(on(“fundamental(

physics”(

•  Working(group(authorized(by(Steering(CommiEee(for(Space(

Science((SCSS)(of(Japan(

•  One(of(eight(most(important(future(projects(by(astronomy/

astrophysics(division(of(Science(Council(of(Japan(

•  Japanese(High(Energy(Physics((HEP)(community(has(also(

idenCfied(CMB(polarizaCon(measurements(and(dark((

energy(survey(as(two(important(areas((

of(their(“cosmic(fronCer”.(

November(5,(2013� JGRG23@Hirosaki( 	
�

LiteBIRD'Roadmap'

November(5,(2013� 	��

LiteBIRD 

POLARBEAR 

POLARBEAR-2 
& Simons array 

"  Ground-based projects as important steps 
"  Verification of key technologies   
"  Good scientific results 

"  International projects 

GroundBIRD 

TES+HWP�

TES(or(MKID�

TES+HWP�

MKID+Cross(Dragone�

JGRG23@Hirosaki(
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JGRG23@Hirosaki(

Conclusions'
•  LiteBIRD(is(designed(to(test(the(well(moCvated(
inflaConary(models(with(an(uncertainty(of(δr<0.001(
(full(success).((

•  Currently(LiteBIRD(WG(is(going(through(the(design(
iteraCons(to(prepare(for(the(mission(definiCon(review(
by(the(end(of(this(year.(

•  The(R&D(for(the(LiteBIRD(technologies(are(in(progress(
in(the(groundSbased(experiments((POLARBEAR,(
POLARBEARS2,(Simons(array,(GroundBIRD).(
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Introduction
Inflation – A dominant paradigm for the physics in the primordial universe

Solves the problems in the BB cosmology (horizon, flatness, monopole)
Consistent with the fluctuations in the CMB and LSS observations

Simplest realization – Scalar-field inflaton '

Typically requires a flat potential V (') , UV sensitive
Flatness is spoiled by radiative corrections and ⌘ problems in supergrav.

Shift symmetry to protect the flatness – invariance under ' ! '+ const.

Natural inflation Freese, Frieman & Olinto ’90

Observations require axion decay constant f & Mp
Savage, Freese & Kinney ’06

I f < Mp can be compatible in various mechanisms, e.g. more than one axion

Symmetry allows interaction with a gauge field L / 'FF̃ Anber & Sorbo ’10

New phenomenological predictions
I Non-Gaussianity, chiral GWs, primordial BHs, . . .

Ryo Namba (Kavli IPMU) Gauge-flation JGRG23 2 / 11
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Chromo-natural inflation – promoted the gauge field to an SU(2)
Adshead & Wyman ’12

' can be integrated out if sitting at its potential minimum
I Leads to the Gauge-flation Sheikh-Jabbari ’12

Gauge-flation Maleknejad & Sheikh-Jabbari ’11

S =

Z
d4x

p
�g

"
M2

p

2
R

| {z }
GR

�1
4

F a
µ⌫F a,µ⌫

| {z }
Standard SU(2)

+


96

⇣
F a
µ⌫ F̃ a,µ⌫

⌘2

| {z }
New term

#
+ . . .

Ansatz : hAa
i i = �̂(t) �a

i , ds2 = �dt2 + a2(t) �ij dx i dx j

⇧ The isotropic FLRW = an attractor of the dynamics of the model
Maleknejad, Sheikh-Jabbari & Soda ’12

⇧ Shares background trajectories with the Chromo-natural inflation
Adshead & Wyman ’12, Sheikh-Jabbari ’12

⇧ The first and only existing stable model with a vector field only
I Other vector-only models break gauge inv. and suffer from ghost instabilities

Himmetoglu, Contaldi & Peloso ’09
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The Yang-Mills term F 2 behaves as the standard radiation
Massless spin-1 field

The new term (FF̃ )2 behaves like a cosmological constant

F a
µ⌫ F̃ a,µ⌫ = ✏µ⌫⇢�

2
p
�g F a

µ⌫F a
⇢� , coupling to gravity only through Det (gµ⌫)

I Tµ⌫

⇥
(FF̃ )2⇤ / gµ⌫ (FF̃ )2 () cosmological constant

Inflation
Energy density : ⇢ = ⇢YM + ⇢

Pressure : P =
1
3
⇢YM � ⇢

⇢YM : Yang-Mills F 2, ⇢: new
�
FF̃

�2

 = 0 �! w = 1/3 �! radiation
⇢ � ⇢YM �! w = �1 �! inflation

=) Slow-roll param. : ✏ ⌘ � Ḣ
H2 =

2⇢YM

⇢YM + ⇢
⌧ 1
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There is only one free parameter in the model:

� ⌘ g2Q2

H2

Other parameters are fixed by
I Number of e-folds, N = 50 � 60
I Background attractor
I COBE normalization

The attractor leads to

✏ ' Q2

M2
p
(1 + �)

� ⌘ � Q̇
QH

⇠ ✏2

I Small-field inflation in the sense Q ⌧ Mp

I ✏ ⇠ O �
10�2� ⇠ large-field value in the single-scalar chaotic inflation

I Q rolls VERY slowly during inflation

g: SU(2) coupling

Q �a
i = hAa

i i /a

Ntot '
1 + �in

2 ✏in
ln
✓

1 + �in

�in

◆
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Perturbations

�Aa
µ = Aa

µ �
⌦
Aa
µ

↵
, �gµ⌫ = gµ⌫ � g(0)

µ⌫

(3 ⇥ 4 gauge perts.) + (10 metric perts.) = Total 22 d.o.f.

Decomposition

�Aa
0 = Ya + @aY

�Aa
i = �Q �ai + @i (Ma + @aM) + ✏iab (Ub + @bU) + tia

�g00 = 2�
�g0i = Bi + @iB
�gij = 2 �ij + 2 @i@jE + @iEj + @jEi + hij

Three decoupled sectors:
1 8 “Scalar”: �Q, M, Y , U, �, B,  , E
2 5 “Vector”: Ma, Ya, Ua, Bi , Ei (@aMa = @aYa = @aUa = @i Bi = @i Ei = 0)
3 2 “Tensor”: tia, hij (@i hij = @i tia = @atia = hii = tii = 0)

Ryo Namba (Kavli IPMU) Gauge-flation JGRG23 6 / 11

Turning on the vector vev in general breaks the rotational symmetry

SU(2) ⇠= SO(3)

Choice hAa
i i = �̂ �a

i , Rotational symmetry is preserved by global SU(2)
I Rotation is “canceled” by SU(2) transformation

The decomposition identifying the SU(2) indices as coordinate ones
realizes the decoupling of the 3 sectors in the quadratic-order action.

d.o.f. Total SU(2) gauge GR gauge Non-dynamical Physical d.o.f.
Scalar 8 �1 �2 �(1 + 2) 2
Vector 10 �2 �2 �(2 + 2) 2
Tensor 4 0 0 0 4

Ryo Namba (Kavli IPMU) Gauge-flation JGRG23 7 / 11
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Tensor Modes (2 tensors) ⇥ (2 d.o.f.) = total 4 d.o.f.

(
hij ! hL/R

tia ! tL/R
=) h/t coupled , L/R decoupled

CPT in the tensor sector is broken from SU(2) (not from (FF̃ )2)

Tachyonic growth near horizon crossing in tL =) sources hL

Gravitational-Wave Power Spectrum

⇧ The larger �, the larger GW (L mode)
Ryo Namba (Kavli IPMU) Gauge-flation JGRG23 8 / 11

Scalar Mode 2 coupled dynamical d.o.f.

Coupled system =) Initial quantization in a matrix form

I 2 initial eigenfrequencies: !in = k ,
p

��2p
3�

k

I Strong instability for � < 2 =) Theory unstable for � < 2

(coincides with Chromo-natural inflation)

Missed by Maleknejad & Sheikh-Jabbari ’11

Observable quantity: curvature perturbation ⇣ = �H
⇢̇ �⇢

Curvature power spectrum P⇣
⇠= 2.2 ⇥ 10�9 / kns�1

The larger �, the larger ns

Ryo Namba (Kavli IPMU) Gauge-flation JGRG23 9 / 11
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Phenomenology

Phenomenologically allowed space
0.9457 < ns < 0.9749, r < 0.11 at 2� from Planck

N = 50: �in & 13.5 for ns and � . 4.8 for r

N = 60: �in & 9.3 for ns and � . 5.0 for r

=) NO ALLOWED PARAMETER SPACE

Ryo Namba (Kavli IPMU) Gauge-flation JGRG23 10 / 11

Conclusions
The only existing stable inflationary model with a vector field alone

I Related to Chromo-natural inflation with fewer parameters

I Does not suffer from the flat-potential issue in scalar-field models

I No explicit breaking of gauge invariance – no ghosts, stable

I Interesting in the theoretical perspective

Phenomenologically, not viable
I Consistent with the results obtained in the Chromo-natural inflation model

I “Analogy” between Gauge-flation & Chromo-natural persists in perturbations

⇧ Symmetry consideration
I Rotational symmetry is restored by SU(2) transformation

I SU(2) spontaneously breaks CPT in the tensor sector with the given
background

I SU(2) can be a subgroup of larger symmetry groups

Ryo Namba (Kavli IPMU) Gauge-flation JGRG23 11 / 11
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CMB ISW-lensing bispectrum
from cosmic strings

1309.5528 with Sendouda(Hirosaki) and Takahashi(Kumamoto)

YAMAUCHI, Daisuke
Research Center for the Early Universe (RESCEU),

U. Tokyo

Cosmic strings

¾ Line-like topological defects

¾ generally form during phase 
transition in the very early 
universe.

[Hiramatsu+Sendouda+Takahashi+DY+Yoo (2013)]
[see also poster #03 Hiramatsu]

¾ could be a probe for the 
early phases of the universe 
before the CMB epoch!

[Jeannerot+(2003)]
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Why are cosmic strings 
still interesting?

¾Have a potential to reveal the 
physics during phase transition

¾Possible sources of CMB, GWs, 
gravitational lensing,  21cm  line,…

¾Macroscopic objects of superstrings
(“cosmic superstrings”)

[→  poster #23 Kitajima]

Cosmic superstrings

9 A new type of cosmic strings may be formed at the 
end of stringy inflation!

9 Their qualitative properties in the late-time universe 
should be similar to those of normal cosmic strings, 
except for the INTERCOMMUTING  PROBABILITY  “P”:

or

1-PP

9Normal cosmic strings

P=1

9Cosmic superstrings

P<<1

[Sarangi+Tye(2002), Jones+(2003), Copeland+(2004)]
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Cosmic strings on the CMB sky

[Planck 25 (2013)]

(δT/T)/Gμ

Simulated CMB sky from only cosmic strings

string

Gott-Kaiser-Stebbins (GKS) effect

[Planck 25 (2013)]

(δT/T)/Gμ

Discontinuities of the CMB temp. fluc. 
across the strings with the amplitude:

[Kaiser+Stebbins(1984), Gott III(1985)]

9 most characteristic post-recombination effect of a cosmic string
9 considered as an integrated Sachs-Wolfe (ISW) effect

string

vs

vs

(GKS effect with string curvature [DY+(2010)])
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Current CMB constraint

[P=1, ACT (2010)]

9 Cosmic strings would add power to small-scale tail of 
the CMB temp. power spectrum.

[P=1, Planck 25 (2013)]

Note : Constraint from 
CMB lensing curl-mode

[Namikawa+DY+Taruya (2013)]

CMB lensing

Unlensed CMB map

Lensed CMB map

What we observe is a subtly distorted version of 
the primary CMB anisotropy.

Foreground 
perturbations

[figures : Hu+Okamoto(2002)]
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Lensing potential φ
The distortion effect of lensing on the primary CMB 
is expressed by a remapping with the gradient of the 
lensing  potential  φ.

Deflection field:

+

Unlensed : Lensed :  

ISW-lensing bispectrum
¾ A lensed fluctuation is a nonlinear function of fields

Lensing events lead to deviations from Gaussianity

9 The cross-correlation due to the late-time evolution 
induces the “ISW-lensing”  bispectrum.
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CMB lensing from primordial 
perturbations (P) and cosmic strings (S)
In the case of various independent gravitational sources, 
the observed CMB anisotropy can be regarded as a superposition 
of those due to each source.

Lensed UnlensedForeground

Various types of CMB lensing

9 SP-type

9 PP-type (standard) 9 PS-type

9 SS-type

Standard 
density pert.

Standard 
density pert.

Standard 
density pert.

Cosmic 
strings

Cosmic 
strings

Cosmic 
strings

Cosmic 
strings

Standard 
density pert.

“P”  :  Primordial  density  perturbations “S”  :  Cosmic  strings

240



αβ-type ISW-lensing bispectrum

: Primordial bispectrum

¾ Cosmic strings
: Primordial ISW-lensing [2σ  detection,  Planck19]

: purely due to the GKS effect

: String-induced ISW-lensing

[Hindmarsh+(2009), Regan+Shellard(2010)]

[DY+Sendouda+Takahashi(2013)]

Equilateral-shaped bispectra
induced by cosmic strings

Silk 
damping

¾The standard ISW-L (PP-type) and SP-type bispectra are particularly 
suppressed due to the Silk damping, so only the SSS- and PS-type 
bispectra are relevant at small scale.

(Gμ,P)
(10-7,1)
(10-8,10-3)
(10-9,10-6)

SSS-type
∝(Gμ)3

SP-type 
∝(Gμ)2

PS-type 
∝ (Gμ)2
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Cumulative signal-to-noise ratio
Solid : Planck+ACTPol–like noise, dashed : Planck-like noise

(Gμ,P)
(10-7,1)
(10-8,10-3)
(10-9,10-6)

To estimate the feasibility to detect their signals, we quantify (S/N) in 
the current and future CMB observations.  The SP-type is not relevant, 
as expected.

Constraint in Gμ-P plane 

For small P, the PS-type ISW-L bispectrum∝ Cl
ΘpφpCl

ΘsΘs∝ (Gμ)2 gives 
the tighter constraint on Gμ than the SSS-type bispectrum∝ (Gμ)3.

SSS-type∝(Gμ)3

PS-type ∝(Gμ)2

SP-type ∝(Gμ)2

Solid : Planck+ACTPol–like noise, dashed : Planck-like noise

CMB TT(P=1)
[Planck25]

[DY+Sendouda+Takahashi(2013)]
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Summary

¾ A cosmic string segment is expected to cause weak lensing 
as well as the ISW effect, which are naturally produces the 
yet another kind of the CMB temp. bispectra, string-induced 
ISW-lensing bispectra (SP-, PS-, SS-type).

¾The ISW-lensing bispectrum can constrain the string-model 
parameters even more tightly than the purely GKS-induced 
bispectrum in the future CMB observations on small scales.
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