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Planck 2015 results

Spectral index of power spectrum of 
the curvature perturbations

Tensor-to-scalar ratio

(68%CL)

[Ade et al. [Planck Collaboration], arXiv:1502.02114]

2

(1)

(2)

Keck Array and BICEP2 constraints
(95%CL)(0:07)

(Combined results with the Planck analysis)
[Ade et al. [Keck Array and BICEP2 Collaborations], arXiv:1510.09217]
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(Starobinsky) inflation is supported.R2

[Starobinsky, Phys. Lett. B 91, 99 (1980)]

R : Scalar curvature

Planck 2015 results (2)



[Starobinsky, Phys. Lett. B 91, 99 (1980)]

Ne = 60 ns = 0:967

r = 3:33â 10à3

[Hinshaw et al., Astrophys. 
J. Suppl. 208, 19 (2013)] 4

M

S 2ô2
1 (R )+ 6M2

1 R2

䞉

Ne 䠖 Cf.

(Starobinsky) inflationR2

Action:

Number of e-folds 
during inflation

Gravitatioanl 
constant

GN

g : Determinant of the metric ô2 ñ 8ùGN

: Constant ,: Scalar curvature, R :



䞉

We show that the values of         and   
can be consistent with the Planck results. 5

We explore the possibility of the theoretical 
extension of        (Starobinsky) inflation.

Two-scalar-field theory plus an termR2

ns r

Extension of the  
gravitational term 
Quantum anomaly 
effect

[Sebastiani, Cognola, Myrzakulov, Odintsov 
and Zerbini, Phys. Rev. D 89, 023518 (2014)]

[KB, Myrzakulov, Odintsov and Sebastiani, 
Phys. Rev. D 90, 043505 (2014)]

Cf. [KB and Odintsov, Symmetry 7, 220 (2015)]

䞉

R2

Motivations and Purposes 



II.  Model 

: Scalar fieldsþ; u

: Covariant derivative

6

; : Function of J(y) y

If there is no       term: R2(i) 

Scale invariance(ii) 

: Constant,

Conformal invariance
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ÐWe introduce an auxiliary field      .

Action 
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Einstein-Hilbert term

Potential V

The scale invariance is broken.

䞉

䞉

Action (2) 
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;

Equation of motion
Gravitational field equation

Scalar field equation

: Covariant d'Alembertian operator



a(t) : Scale factor

Flat Friedmann-Lemaitre-Robertson-Walker 
(FLRW) space-time

: Hubble parameter

10The dot shows the time derivative.*

Background space-time
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Gravitational field equations

Scalar field equations

Field equations in the FLRW space-time



: Dynamical inflaton field

12

þ
䠙 Constant

;

: ConstantC

䞉 Example:

Effective potential

u = u0
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Slow-roll parameters

Slow-roll inflation

;

ns à 1 = à 6ï+ 2ñ

r = 16ï

þþf : Value of        
at the end of 
inflation     .

Number of e-folds during inflation



Plots of          and
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þ
â 1014

r

ns r

ns

x ñ ëC
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; ;

Values of         and r
䞉

ns

x ñ ëC ù 2:8â 109

ns = 0:9603 r ù 0:212;



III. Case that two scalar fields 
are dynamical

16

Slow-roll conditions

; ;

Friedmann equation

Scalar field equations

;

In the flat FLRW space-time䞉

䞉
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Value of       at the 
initial time      of 
inflatin and its end 

uuf

:

Vþþ ñ @2V=@þ2; Vuu ñ @2V=@u2

ai; af;
a

: Value of      at 

Number of e-folds

Slow-roll parameters

Case that two scalar fields are dynamical (2)
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; ;

;

䞉 x ñ ëC = 1:0â 1025

;

ns ù 0:9793

Values of         and rns

r ' 0:11;



Jordan frame

Einstein frame

: Conformal transformation

IV.  Einstein frame
The bar denote the quantities 
in the Einstein frame.

*

à g

䞉

䞉 : Scalar fieldõ
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Equation of motion

20Võ ñ @V=@õ

Gravitational field equation

Scalar field equations



Field equations in the FLRW space-time

21

Gravitational field equations

Scalar field equations
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( = Constant )

õ

u = u0

þ = þ0 6=0䞉

䞉

Number of e-folds Ne

Effective potential

( = Constant )6=0

: Dynamical inflaton field
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ð = 0:10

r = 4:0â 10à3;

These are compatible with the Planck analysis.

䞉 For                    and                    ,

Values of         and rns

ns = 0:9652
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Field equation of õ

IV.  Graceful exit from inflation
Perturbation of the de Sitter solution

Gravitational field equation
: Hubble parameter at 
the inflationary stage
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We can have the solution of                             .                       

There can exist an unstabel de Sitter 
solution and hence the universe can 
gracefully exit from inflation.

Solution:

î(t) = exp(ìt)
ì

Instability of the de Sitter solutions

Perturbation:
: Constant

ì = ì+ > 0



We have investigated slow-roll inflation 
driven by the potential of the conformal 
scalar field in the Einstein frame. 

We have considered inflationary cosmology 
in a theory where there exist two scalar 
fields and an        term. 

䞉

R2
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We have demonstrated that the graceful 
exit from inflation can be realized.  

䞉

䞉

V.  Conclusions

We have found that the values of         and   
can be compatible with the Planck results.

ns r



Backup slides
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â 10à7

þ
u

䝫䝔䞁䝅䝱䝹
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þ

u

â 10à16

â 10à4

䝫䝔䞁䝅䝱䝹



䝇䝻䞊䝻䞊䝹䜲䞁䝣䝺䞊䝅䝵䞁

䝇䝻䞊䝻䞊䝹䝟䝷䝯䞊䝍䞊䠖

䝥䝷䜲䝮䠖

;

*

(ï; ñ; ø2)

䠄 䠅

ྛ㛵ᩘ䛾ᘬᩘ䛻㛵䛩䜛ᚤศ䜢⾲䛩䚹

;

䜲䞁䝣䝺䞊䝅䝵䞁䛻㛵䛩䜛ほ 㔞䠖 (nS; r; ëS)

䠖Ἴᩘk
;
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Contours

[Ade et al.  [Planck Collaboration], arXiv:1502.02114]䜘䜚㌿㍕䚹

(ns; r)
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nS

r



nS

r0:002 䜲䞁䝣䝺䞊䝅䝵䞁R2(k = 0:002 )

32[Ade et al.  [Planck Collaboration], 
arXiv:1502.02114]䜘䜚㌿㍕䚹

䜲䞁䝣䝺䞊䝅䝵䞁䝰䝕䝹䜈䛾ไ㝈



IV.  䠎䛴䛾ືⓗ䛺䝇䜹䝷䞊ሙ䛾⌮ㄽ
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䛜䝇䝻䞊䝻䞊䝹᮲௳䜢‶䛯䛩ሙྜþ; u

; ;

;

䞉 x ñ ëC = 1:0â 1025

;

ns ù 0:9793
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ཬ䜃 䛾್ns r
; ;

;

ù 0:9793
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;

; ;

ཬ䜃 䛾್r
䞉

ns

x ñ ëC ù 2:8â 109

;
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ð = 0:10

r = 4:0â 10à3

ཬ䜃 䛾್ns r
;

;

;

Planck⾨ᫍ䛾ほ 䛸ᩚྜ䛩䜛್䛜ᚓ䜙䜜䜛䚹

;

䞉 䛾ሙྜ



䛜ືⓗ䛺䜲䞁䝣䝷䝖䞁䛾ሙྜ

37

þ
䠙୍ᐃ

J0(y) ñ dJ=dy;

䠖ᐃᩘC
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䝇䝻䞊䝻䞊䝹䝟䝷䝯䞊䝍䞊

䝇䝻䞊䝻䞊䝹䜲䞁䝣䝺䞊䝅䝵䞁

;
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䠄䠙୍ᐃ 䠅

䠄䠙୍ᐃ 䠅

䛜ືⓗ䛺䜲䞁䝣䝷䝖䞁䛾ሙྜõ

J0(y) ñ dJ=dyu = u0

þ = þ0 6=0

6=0
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䠄䠙୍ᐃ 䠅

䠄䠙୍ᐃ 䠅

䛜ືⓗ䛺䜲䞁䝣䝷䝖䞁䛾ሙྜõ

J0(y) ñ dJ=dy
u = u0

þ = þ0 6=0

6=0

䞉

䞉
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ü 1

;

䛾ሙྜ

౛䠖

᭷ຠ䝫䝔䞁䝅䝱䝹
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r = 4:0â 10à3
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r = (5:0à 8:0)â 10à3
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Case 1䠖

ù

;

ù 2
3õ
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䝇䝻䞊䝻䞊䝹䜲䞁䝣䝺䞊䝅䝵䞁

䝇䝻䞊䝻䞊䝹䝟䝷䝯䞊䝍䞊

;
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r = 4:0â 10à3

;

;

ཬ䜃 䛾್nS r
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Jordan⣔䛛䜙Einstein⣔䜈䛾ඹᙧኚ᥮

స⏝

䠖㔜ຊᐃᩘGN

g

S
2ô2

F(R)

䠖ィ㔞䝔䞁䝋䝹 䛾⾜ิᘧ

ô2 ñ 8ùGN
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ඹᙧኚ᥮

Jordan ⣔

; ;

F(R) 䠖䝇䜹䝷䞊᭤⋡R䛾㛵ᩘ

[Maeda, Phys. Rev. D 39, 3159 (1989)]
[Fujii and Maeda, The Scalar-Tensor Theory of Gravitation
(Cambridge University Press, Cambridge, United Kingdom, 2003)]



Einstein⣔䛷䛾స⏝

49

䝝䝑䝖䛿Einstein⣔䛷䛾㔞䜢⌧䛩䚹*
䝇䜹䝷䞊ሙ 䜢䝇䝻䞊䝻䞊䝹䜲䞁䝣䝺䞊
䝅䝵䞁䜢ᘬ䛝㉳䛣䛩䜲䞁䝣䝷䝖䞁ሙ䛸⪃䛘䜛䚹

'

N ñ ln(ai

af)
䜲䞁䝣䝺䞊䝅䝵䞁䛾᭱ึ
䛸᭱ᚋ䛷䛾䝇䜿䞊䝹
䝣䜯䜽䝍䞊 䛾್

ai; af
a

䠖

䞉 䜲䞁䝣䝺䞊䝅䝵䞁ᮇ䛷䛾e-foldsᩘ
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䝇䝨䜽䝖䝹ᣦᩘ䛾䝷䞁䝙䞁䜾

ëS =

(3)

(68%CL)



Starobinsky䠄 䠅䜲䞁䝣䝺䞊䝅䝵䞁

[Starobinsky, Phys. Lett. B 91, 99 (1980)]

nS = 0:960; r = 4:80â 10à3
Ne = 50

Ne = 60 nS = 0:967; r = 3:33â 10à3

[Hinshaw et al., Astrophys. 
J. Suppl. 208, 19 (2013)]

䞉

R2
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ëS 䠖ᐃᩘ

స⏝✚ศ S 2ô2
1 (R )

䠖䝥䝷䞁䜽㉁㔞

+ ëSR
2

䞉

䜲䞁䝣䝺䞊䝅䝵䞁ᮇ
䛾e-foldsᩘ

Ne 䠖 Cf.



㐠ື᪉⛬ᘧ

㔜ຊሙ
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䝇䜹䝷䞊ሙ

䠖ඹኚ䝎䝷䞁䝧䝹䝅䝱䞁 J0(y) ñ dJ=dy



II.  䝇䜹䝷䞊ሙ䛾⌮ㄽ
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䠖䜲䞁䝣䝺䞊䝅䝵䞁⤊஢᫬䛾 䛾್þ
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䠖㔜ຊᐃᩘG
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II.  䝇䜹䝷䞊ሙ䛾⌮ㄽ
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