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Planck 2015 results

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

(1) Spectral index of power spectrum of
the curvature perturbations

ns = 0.968 + 0.006 (68% CL)

(2) Tensor-to-scalar ratio

r < 0.11 (95% CL)
Keck Array and BICEP2 constraints
roos < 0.09 (0.07) (95% CL)

(Combined results with the Planck analysis)
[Ade et al. |[Keck Array and BICEP2 Collaborations|, arXiv:1510.09217]



Planck 2015 results (2)

j> R (Starobinsky) inflation is supported.

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

R : Scalar curvature



R? (Starobinsky) inflation
Action: S :/d4x gzl]%Q(R | 6M2 RQ)

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

( : Determinant of the metric § v k? = 81@ N
R : Scalar curvature, M : Constant, GN : Gravitatioanl
constant

« N.=60 > nge=0.967
r=3.33x 1073

N e - Number of e-tolds Cf. [Hinshaw et al., Astrophys.
during inflation J. Suppl. 208, 19 (2013)] 4



Motivations and Purposes

— We explore the possibility of the theoretical
extension of 22 (Starobinsky) inflation.

= Extension of the [Sebastiani, Cognola, Myrzakulov, Odintsov
gravitational term "¢ “er Phys Rev. DS 025518 GOIY)

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

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

— Two-scalar-field theory plus an Q2 term

— We show that the values of 7lg and 7"
can be consistent with the Planck results. s



11. Model

S = /d%\/TQ {%RQ + 2 [W —U) R4 (V)2 — (Vuy

2 6
, b 2k% =1
- (&P o
¢, U : Scalar fields [

a(# 0): Constant, Y = u/qﬁ , J(y): Function of Y

V : Covariant derivative

(i) If there is no Q2 term: Conformal invariance

(i) Scale invariance :



Action

We introduce an auxiliary field P.

/d%r{{ 182(¢2 )}R%

+3[(V0) = (Va?] - (6 = )2 (0)}

S <I>+12 p° —u®) =1




Action (2)

—J_ L Potential |/

S — /d4x\/jg {R + g (V)2 — (Vu)?] — V(o,u. J)}
V(ooud) = 5 [L=22(8 — )]+ (6 — )T (w)

y = u/¢

* Einstein-Hilbert term

= The scale invariance is broken. 8



Equation of motion

Gravitational field equation
1 S
R,u,L/ o §Rg,uv + §

1 S

2 2

Scalar field equation
stip+Vy, =0, s

(V,oV,0 —V,uV,u)

+5m {V = 5 [(V6)? = (Vu)?] | = 0

u—V, =0

Vy=0V/op , V,=0V/ou

= g"”V,V, :Covariant d'Alembertian operator o



Background space-time

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

ds? = —di2 + a2(t) Y,y 5 (d2')

CL(t) : Scale factor

H=a / a : Hubble parameter

* The dot shows the time derivative. 10



Field equations in the FLRW space-time

Gravitational field equations

. |
3HQ+Zw?—M)—§vzo

. . 1
QH+BHQ—Zw?—ﬁ)—§V:o

Scalar field equations
s(d+3H) —Vy =0
s(iu+3Hu)+V, =0

11



¢ : Dynamical inflaton field

— U — U@ = Constant

» Example: ug =0, J =1

Effective potential
1 S 2
Ve (6) = 5 (1= = ¢*) +Co'
(¢)=5-(1-35¢") +C9

(' : Constant

12



Slow-roll inflation

Number of e-folds during inflation

Ps

5 A
. S Viu,o,J) -
Ne(¢) = (05) = -3 / 9, J) do
o gb ol qu(ua Cb, J)
Slow-roll parameters ®¢ : Value of @
H B H at the end of
€ = 72 N —==c O T inflation Lt .

ng— 1= —06e4 2n
r = 10¢ i



Plots of Tlg and T

. s = —1
Mg




Values of Tlg and 1"

N, =55, ¢ ~34.7, v =aC =~ 2.8 x 10’

$ ns = 0.9603. r ~ 0.212

15



II1. Case that two scalar fields
are dynamical

= Slow-roll conditions

i < uH, ¢ < ¢H, ¢? — 42 <« H?
* In the flat FLRW space-time

Friedmann equation [? = —V/

Scalar field equations

38H¢ — Vq‘) ] ?)SHU — —Vu 16



Case that two scalar fields are dynamical (2)
Number of e-folds

af Ly :
N, = dlna:/ Hdt aj, f,
a; ti : Value of @ at the
s [P0V (Vydu + Vydp)  initial time ; of
— 5 L ) V@Q — Vuz inflatin and its end tf
Slow-roll parameters Us : Value of 1 at ¢
14 Ve =V3
T T2HV T sV2

2 (V3Vig + V2V )
sv@@—wg)
Vg = 0°V/0p*, Vi = 02V/ 00

1 . .
~ .(V2+2vv):—-
AHVV

77:

17



Values of Tl and T”

- N, =60, z=aC=1.0x10%

¢2—u2:2317, s=—1, J=C

5 ng & 0.9793, 7~ 0.11

18



Jordan frame

N

Einstein frame

IV. Einstein frame

* The bar denote the quantities
in the Einstein frame.

9ur = \g,. : Conformal transformation

AP+ (07 =) | =1

=% \ : Scalar field

s = [atoy=g{ R - 3N+ 5o (Vo) - (Vu?)

~V(\ ¢,u,J)}

2

VO ud) = 5 [1- N6 — )] + e (6 — ) ()

19



Equation of motion

Gravitational field equation

1 3
R)u)]/ - §ngj]/ _|_ geA (vlu)gbv]/é - VUJUVL/U) - §V[LAVVA
L V= 2 (V)2 — (V2] + S(va2 b =
“VQQ;W 26 [( ) (Vu) }+2( ) —

Scalar field equations
300\ + —eA[(Vqﬁ) — (Vu)*] = Vy=0

se o + se/\V“/\Vugb +Vy =0

se*u + seAV“’)\V“u —V, =0
V)\ — 8V/8)\ 20



Field equations in the FLRW space-time

Gravitational field equations

. 3., 1
SH? + ieA(gbz —i?) = A = SV =0

. . 3 . 1
OH + 3H? — ie/\(qﬁ — %)+ X = SV =0

Scalar field equations
3\ + OH\ + %eA(qBQ — i)+ V=0

se/\qg + BSeAHQB + se/\)@ — Ve, =0

se™ii + 3se Hi + se™ i + V, =0 21



\: Dynamical inflaton field

" ¢ — ¢()(=C0nstant %O)

= U = U (=Constant #O )

: Effective potential uo 7 £¢o

2
Ve (A) = % (1 — %6A>

CeA 22



Values of Tlg and T”

432 — 5(2%e?* — 168(e”

T T — 120
64C262A
T =
3(Cer — 12)?

« For N, = 60 and ( = 0.10,
> ng=0.9652, r=4.0x10""°

These are compatible with the Planck analysis.

23



IV. Graceful exit from inflation

Perturbation of the de Sitter solution
()] < 1
H = Hiue (1 4+ 0(¢
w (1400) " =

: Hubble parameter at
Gravitational field equation  the inflationary stage

. . SR
— 2H HH + — | ] — = —
+ 6 +2)\)\ 24&( 126)6)\ 0

Field equation of \

\ ‘ C C A A
H)\ - — [ 1 - = _
3N+ 9H )\ 5 126 e = ()

24



Instability of the de Sitter solutions
Perturbation: 0(1) = exp(t)

6 : Constant
2 2 81 3
—  2Hine5” + OH 0 + ?Hinf =0
. 3(—1++v10) Hyy,
Solution: 5. = ( 5 ) Hins

— We can have the solutionof 5 = 3 > 0.

There can exist an unstabel de Sitter
solution and hence the universe can
gracefully exit from inflation. 2




V. Conclusions

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

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

—
= We have found that the values of 70g and 7"

can be compatible with the Planck results.

- We have demonstrated that the gracetful
exit from inflation can be realized.
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Backup slides
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-1.0 :
a=1.0x10" - &0 o5 "

' 28
C =30x10""



T T ITT T | L 10

o = 10 X 1016 S 0 =3 >< 10_4 29
C =30x10"" u



AA—A—J)LM422ILb—> 3y
AO—A—)LINSA—3—: (67 1, 52)

€

1 (v'(¢)>2 p= LV0) o 1VI(OV"(9)
262\ V(¢) ) > " K2 V(g) KU (V(9)?
» TS5 L REABOSIKICETIMIERT .

(V'(¢) =0V (¢)/09 )
A27L—2 a3V 388 (ng,r, ag)

ng — 1~ —6e+2n r = 106e

k iRk
_ d’l’bb 2 2
=T 16en — 24¢e” — 2€ .

(v



0.30

0.15

0.00

(ng, ) Contours

Planck 2013
B Planck TT-+lowP
B Planck TT,TE,EE+lowP

. ng

0.94

[Ade et al

0.96 0.98 1.00

31
. [Planck Collaboration], arXiv:1502.02114]| &Y E5#;
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[Ade et al. [Planck Collaboration], 32

arXiv:1502.02114] &Y 65 .




IV. 2D DEIMNEADS—I5 0D EH
— O, U BRRA—A—)LE&BEB-TI5S
N, =60, z=aC=1.0x10%

¢2—u2:2317, s=—1, J=C

:> ng ~ 0.9793 r ~ 0.11
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Ng BT D&

N, =60, =z =10, ¢?—u?=2317

s=—1, J=C
v
n, = 5.0 x 107°G* +0.9793
~ 0.9793 G* = u?¢?

r~0.11 N




NgBRUY T DIE

N, =55, ¢ ~34.7, z=aC =28 x 10’

— =
ne = 0.9603, r ~0.212
15
Ve ~ 1.0 x 10
Qv

C<30x107%, a>1.0x 10
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nNeBRU T DIE

432 — 5(%e* — 168¢e” S 64¢Fe*?

3Ce> — 122 3(Cer — 12)°
"N, =60, (=010 DB

— ng = 09652, r=4.0x10""
PlanckfEf E DFHAIEBE T HEIFoNS,

0.7
Ve = 5~ s/ (ba) < 1
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O HEEAL TS DBE

Vi = 1= =(6* —u?)]
~du(d® — u?) () + %(@2 220 () = 0

ug =0, J=1 J(y) = dJ/dy

C ER

37

1

s 2
Vr(0) = 5~ (1= 139°) +Co*



AO—A—)LA2o7L— 3y

do

d¢ s [? V(u, gb?, J)
N, (¢) = . _2 :
0= [ HOF =3 /d) e

AO—A—)LI\SGA—H—

H B H
“="mw T ogn
> ng = 1 —6e+ 2

|
-
Y
M

T
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A\ BBINEA IS OBE
¢ — ¢O(=_E #O) Up # ::(bo
U = ug(=—3wx #0) J(y) = dJ/dy

S S
V= g |1 15268 — ud)| o
4P (63 — ud)uod (o) + PN (6R — 12)2 T (o) — = 0

¢0 39



\ BB IS DBE

= Qo (=—5% #0)
- U = Up (=—3 #0)

-
|




s/ (6a) K1 DEFZE

— J(y) =0, J'(y) =0
Bl: J(y) =Cly—yo)' q=

§ EHRToUNRIL
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N, = 60
¢ = 107" 1072, 107%, 107*, 107>, 107F,

v
ns = 0.9652, 0.9641, 0.9629, 0.9617, 0.9604,
0.9589

r=4.0x 1073
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Ne = 50
¢ = 10~1, 1072, 1073, 104, 107>, 107°,

ns = 0.9577, 0.9561, 0.9543, 0.9524, 0.9504,
0.9481

r=(5.0-28.0)x 1073
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Casel: K = (s/12) (2 — u3) > 1
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AO—AO—)LAM222L— 3>
AO—AO—JLINSG A A—3—

Gé(mémdéﬁﬂ>2

”%(u;n$¥gwg

:i> . (2e2* — 60Ce* + 108 16¢2e2A
s — Y
3(¢er -6 (Ce* —6)°

¢ = 5(5—ug) s



NS BV T 0iE
NQIGO, C2001

. n,=0.9617, r=4.0x1073

K =0.013 (« 1)
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N, =50 z = 10%Y
5 — u? = 2593

n. = 3.7 x 107°G* + 0.9815

r ~ 0.1

J=C
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Jordan M5 Einsteinz NN L ZE i

Jordan %
EA S = /d4:€\/ };(li) k* = 81GN
F(R) :Ah5—HZEROEH GN: ENEH

N

g FHEBTUYN G OFFIR

s 2
G = 29, Q= Fr, Fp(R) = dF(R)/dR
p=—1/3/2(1/r)In Fg

[Maeda, Phys. Rev. D 39, 3159 (1989)]

[Fujii and Maeda, The Scalar-Tensor Theory of Gravitation
(Cambridge University Press, Cambridge, United Kingdom, 2003)] 48



Einstein2 TCD{ERH
S = / diz/—§ (% _ %ﬁwaugoa,,cp _ V(cp))

. FRR-F

Vip) = 942 (FR)Q

Fr = exp (—\/2/3,{,@)
* /\WHkIEEinsteinR TN=ZIHT,

— AN5—i5 ¢ #ZAA—A—I)LL12TL—
AVESIFRBITAUIIMNIGEEZ A S,

s AL —a BITDe-foldsHl
A27L—a3 DNE)
. a
N = 1n(ﬁ) Qi, Af : ELERERTDRT—IL
: J2795%— A DIE



3) ARIFLERDOS =Y
as = —0.003 + 0.007 (68% CL)
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Starobinsky (R*) 1> 7L —3y

Y RIS sz/d% —55( R + agR?)

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

K2 = 87T/MP12 Mp1 . T5U082 ag T

N, =50 —— mns=0.960, r=4.80x10""

N, =60 — ng=0.967, r=3.33x10"°

Ne : ’f,‘/j L— >3 f/;ﬂ:ﬂ Cf. [Hinshaw et al., Astrophys.
M e-foldsER J. Suppl. 208, 19 (2013)] 51



ER)7TER
Ejji% R,uv o %Rg,uv —1_ g(vp¢vyé o V,{Luvl/u)

1 1 S 2
L Lo )
39 {za[ " — )

- S (V0 = (TuP] + (&2 — 2P a ) | =0

ANF— 0o - 0|1 - (0" —u?)

+ 4¢(¢? — 2>J<y>—%<¢2—u2>2f(y>:o
sDu—iu [1 }
T du(¢? —um( >——<¢ — )2 (y) = 0

= g"'V,V, .,\297/\»/«4/ J(y)=dJ/dy *



1. AAS—5 DB

do s [7 V(u,0,J)
N, — H — — :

@)= ), HOZ =3 [ v
b > P AVTL—La R TED ¢ DOIE

s qﬁ_Q N 432aC In(s%¢? + 288aC'¢* — 12s) - 3Ing
2|8 s (8% + 288aC) s

do

L/ 1 dVg(d)\®  16¢2 [ (s? +288aC)¢? — 125 ]°
(Veff(éb) do ) 5 [288@C¢4+(128¢2)2]

2 1  d*Veg(o) 24 (s 4+ 288a(C)p? —

1= TS Vg(d) dd2 s 288aC¢t + (12 — s¢2)2



S = /d4:1:\/7g{R % [1— 1—82@2 —UQ)T

+ 3 1(V0) = (V?] - (6 = )2 (0) }
S 3
Ne = E(Uz —¢°) + 5 In(¢® — u?)
432
- o fSQ In [(2882 + %) (6% — u?) — 12s]

€ —

16(67 — u?) { (2887 + 52)(¢2 — u?) — 12s }2
5 2881:(2 — u2)2 4 [12 — s(¢2 — u2)]’

o [ ] ] (2883;- + 32) (3@4 — 2qb2u2 + 3u4) — 12s (gb2 — uQ)
= s (¢p? — u?) 2882 (2 — u2)” + [12 — s(¢? — u?)]”

o4






II. RAS—50EH
A S>> g 3

2 1 d*Veg(X) ~
N = — (I/eﬂg()\) d)fl; ) )\ ~ In (Ht)

e o 60cer 108 16C2@2A2
3(Cer — 6)° (Ce? —6)

C = s(63—ud) “




II. AAS—5DEH

NS /M V (Vdu + Vydo)
@

2/ VI_V2
ooz
T ToHV T T s
ey 2
sV (v -v2)
¢~ u J=C

AV = V,du + Vydp = V,adt + Vypdt
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