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|. Introduction

INFLATION DARK ENRGY

(1) Scalar field theories
Chaotic inflation X-matter, Quintessence

[Linde, Phys. Lett. B 91, 99 (1980)] [Chiba, Sugiyama and Nakamura, Mon.
Not. Roy. Astron. Soc. 289, L5 (1997)]

[Caldwell, Dave and Steinhardt, Phys. Rev. Lett. 80, 1582 (1998) ]

(2) Modifications of gravity
R? (Starobinsky) inflation  F(R) gravity

[Starobinsky, Phys. Lett. B 91, 99 (1980)] [Capozziello, Cardone, Carloni and Troisi,
Int. J. Mod. Phys. D 12, 1969 (2003)]

[Carroll, Duvvuri, Trodden and Turner,
Phys. Rev. D 70, 043528 (2004)]

[Nojiri and Odintsov, Phys. Rev. D 68, 123512 (2003)]



Motivations and Purposes

INFLATION DARK ENRGY
(3) Fluid models

<I‘HIS WROK> Chaplygin gas

[Kamenshchik, Moschella and Pasquier,
Phys. Lett. B 511, 265 (2001)]

Viscous fluid

[Brevik, Obukhov and Timoshkin,
Astrophys. Space Sci. 355, 399 (2015)]

Cf. [Barrow and Mimoso, Phys.
Rev. D 50, 3746 (1994)]

We explore viscous fluid models to
explain inflation. 4



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)

(3) Running of the spectral index  k : Wave number

= e = 0,003 + 0.007 (68% CL)

Qg =

5



R? (Starobinsky) inflation
Action: § = /d‘laz\/TQ Q%#(R—F 6R2 )

g : Determinant of the metric G, k2 = 8TGN
R : Scalar curvature, (3 : Constant, (5 : Gravitatioanl
constant

- N=60 — n,=0.967, r=23.33x 1073
as = — 5.56 x 1074

N : Number of e-folds during inflation

Cf. [Hinshaw et al., Astrophys. J. Suppl. 208, 19 (2013)] 6



Inflationary models with n, — 1 = — ]%

R? (Starobinsky) inflation

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

Chaotic Inflation  [Linde, Phys. Lett. B 91, 99 (1980)]

Higgs inflation with its non-minimal coupling

[Salopek, Bond and Bardeen, Phys. Rev. D 40, 1753 (1989)]
[Bezrukov and Shaposhnikov, Phys. Lett. B 659, 703 (2008)]

(v -attractor [kallosh and Linde, JCAP 1307, 002 (2013); Phys.
Rev. D 91, 083528 (2015); arXiv:1503.06785 [hep-th]] 7



Subjects

- From the spectral index of ng — 1 = — ]%

the inflaton potential {/of a scalar field theory
has been reconstructed.

[Chiba, arXiv:1504.07692 [astro-ph.CO]]

By applying this procedure to fluids,
we reconstruct viscous fluid models.



Assumption

= We suppose that the representation of
Inflation in viscous fluid models can be
equivalent to that of the so-called slow-roll
Inflation driven by inflaton potential In
scalar field theories.

Under this assumption, even in the viscous
fluid description, it Is considered that the
three observables of the inflationary
universe (ng, 1, aig) can be defined.



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

ds?® = —dt* + a*(t) Zi:1,2,3 (dxi)2
a(t) : Scale factor

H = a/a : Hubble parameter

* The dot shows the time derivative.

10



1. Fluid descriptions

Gravitational field equations

3 (H(N) =p, ——=H(N)H'(N)=p+P

K

* The prime denotes the derivative with respect to N.

Equation of state (EoS) P, £” :Energy density
and pressure of

P(N) = — p(N) + f(p) a fluic

Conservation law J(p) : Arbitrary
function of P

0=p"(N)+3(p(N)+ P(N)) 1




[1l. Reconstruction of EoS of the viscous
fluid from the spectral index

For scalar field theories with the potential V' (N),

e — 1= diN llﬂ (VQEN) d‘;%\””

T V(SN) dl;%\f) ’ O‘S:dd_f\j? lln(v;(LN) d&;%\f)ﬂ

. i . H — H(N) [Chiba, arXiv:1504.07692 [astro-ph.CO]]

= Gravitational field equations

j> We reconstruct the EoS of viscous fluids.



EoS of viscous fluid

S A
v am=ar
A BT, ¢ f(p) Viscosity term

. Constants

1) = A9 + W) £ 40"+ (L)

Friedmann equation 12



Inflationary models withng — 1 = — % (2)

V(N O (> 0).C, -
il> Cl/N) + C’Q 1( )7 o . Constants
5 9
r= ? Ve — — ——
N [14 (Cy/Cy) N] 5 e

[Chiba, arXiv:1504.07692 [astro-ph.CO]]

Suppose (3/x?) (H(N))? = p(N) ~ V(N),

Cip 1
— N ~ 9 H(N) ~
=Gy WY ”’\/ 3[(Cr/N) + O

(C1/N)+Cy >0 H



Inflationary models withng — 1 = — ]% (3)

Equation of state

2 3C

P=—p ;

K

> f(p) == (1= 2Cap + i)
I

By comparing with this expression, we can
obtain the EoS of visous fluid. .




Reconstructed viscous fluid models

Model () P=—p+ (202),0— ( 3022)]{‘1

301 Oll‘i4
(|C’2p| > 1)
C'3 2C
Model (b) p—- _,_ [ =2 ) 2 2 ) g2
( ) & (301) & T (01%2>
(|C2p| > 1)

Model(c) P=—p—

Model(d) P =—p+
(|Czp < 1)

(IC2p| < 1) (
(




Observables(ng, 1, o) of the
Inflationary universe

(1)ns—1:—% > N=60 — n,=0.967

3
(2) r= N1+ (Ca/Ch) N]

Models (a), (b)
Models (¢). () with &, < 0 N 273, 7 <0.11

Models (c), (d) with C; >0 C> N > 60, r < (.11

(3) aS:—%E> N=60 — ay=—5.56 x 10~*

17



V. Graceful exit from inflation

Perturbation of the de Sitter solution
H = Hy + Hopo(t)  100)] <1
Hinf(> 0)

: Hubble parameter at
the Inflationary stage

Gravitational field equation

- 23
. H . %_4 /BAQ i H46—1
2 K2

5 T
+(B+5)AC 2 me e =0
2 K2 2

18



Instability of the de Sitter solutions
Perturbation: §(1) = exp(At)

Q — 0 A\ : Constant

s
(5+37) @8 +v-1al () HET+ L@ -)EH
— Solution: )=\ _ 4 i v4o)
B :l:—__\/ﬁHinf

19



Instability of the de Sitter solutions (2)

: > It 1s possible to exist a positive solution.
)\ — )\_|_ > O

—— The de Sitter solution can be unstable.

The universe can gracefully exit from

Inflation.

20



Conditions for the existence of A\ = )\, > (

- Q>0
Model (a): No condition
Model (b): No condition

2
Model (c): C 0 1 [k
(c) 5 < or Cs > 36 \ T

2
Model (d): Co<0 or > : ( i )
f



V. Singular inflation

[Barrow and Graham, Phys. Rev. D 91, 083513 (2015)]
[Nojiri, Odintsov and Oikonomou, Phys. Lett. B 747, 310 (2015)]

Hubble parameter and scale factor
H = Hine + H (ts — )7 q > 1

i i
a = aexp | Hist | (ty — )"

H, a, q : Constants
Gravitational field equations
_ 3H® 2H + 3H?

) P p—
52 K]Q 22

P




Singular inflation (2)

j> Whent — tg , all of a, p,and /become
finite values, but higher derivatives of /-
diverge.

— Type IV singularity appears at t = .

[Nojiri, Odintsov and Tsujikawa, Phys. Rev. D 71, 063004 (2005)]

Equation of state

9 1/ (q—1)/q
P=—p+flp), flp)=21L ( B—Hmf)



EoS of viscous fluid models

FOr Hi.¢/\/Kk2p/3 = Hiny/H < 1,

2 H'/4
:> 1 (p) % 3(a—1)/(2q) x(q+1)/q

>< | pla=1)/2a) _ V3(g—1) Hin p~ 1/ (24)
g K
. ]
—— Linear combination of
two kinds of power of O
We have taken the I
first order quantity A kind of the viscous fluid

f ‘o K2 .
0 (H 1/ V(2 )/3) models reconstructed



V1. Conclusions

- We have explicitly reconstructed the EoS
of the viscous fluid models from the
spectral index ng—1=—2/N .

- We have shown that the spectral index 1,
the tensor-to-scalar ratio 7°, and the running
(Y g of the spectral index can be consistent
with the recent Planck results.

* We have demonstrated that the universe
can gracefully exit from inflation.

25



Backup slides
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Discussions

= The existence of an unstable de Sitter solution
IS only the necessary conditions for
Inflationary cosmology based on fundamental

physics, In which the reheating stage occurs
after the end of inflation.

= The viscous fluid models reconstructed In
this work are phenomenological one.

— It is Iimportant to obtain some clues to
connect such phenomenological models
to basic physics in the future works. 27



Models (a) and (b)

2C C3
- |Copl >1 — [fl)= gcip—ﬁp

- (<0 — (=C7)/Ci =1/N <1

1

j>w—£~1' (—2 — Cap)
T T 3N 2P

If |Cyp| = O(10) and N > 60 ,

(Quasi-)de Sitter inflation
can occur.

28



Models (c) and (d)

1 20
. ‘Cgp‘ <L 1 — f(p)%_SCl | 30?0
- Ciper N>1 — |0y /Cix 1
P L1 G
> w ; 1+3(N'201>

- w~ —1

(Quasi-)de Sitter inflation can be realized.

29



(ns, 7) Contours [Planck 2015]

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

(95% CL)

(GS%CL)_
L A

= 0.94 0.96 0.98 1.00
From [Ade et al. [Planck Collaboration], n S

arXiv:1502.02114].

0.30

0.15




"0.002  (k=0.002Mpc)

o

0.05 0.10 0.15 0.20

0.00

Constraints on inflationary models

R? Inflation

o

\

l Planck 2013
B Planck TT+lowP
W Planck TT,TE,EE+lowP
B Natural inflation
Hilltop quartic model
«v attractors
4 | = - Power-law inflation
——  Low scale SB SUSY
——  R? inflation
V x ¢
— Vx¢?
—  V x 654/3
Vxo
— V x 652/3
e N.=5H0
N,.=60

1.00
From [Ade et al. [Planck Collaboration], 31
arXiv:1502.02114].



Subjects

- From the spectral index of ng—1 = — ]% ,

the inflaton potential V of a scalar field theory

has been reconstructed.
[Chiba, arXiv:1504.07692 [astro-ph.CO]]

Action of a scalar field theory ¢ : Scalar field

5= [aevg (5 - 50000 - V(0))

e
By applying this procedure to fluids,
we reconstruct viscous fluid models. 32



Viscous fluid models and inflation
K Y
P=—p+flp)=—p+Ap° +E<ﬁ> P

Casel: |Caop|>1 (=C)/Ci~1/N <1

Cy <0
202 02

f(p) = 301/0— EP

a(t) — a; eXP [Hinf(t — ti)]

P 2 (o 1 Co 1
PO T (NI IVU (1 B 14— (9_
w ( >+3< C1>( Caop) ~ +3N( Cap)
33



FARETIL CiprN>1

Case2: |Chp| K 1 Oyl /Oy < 1

f(p)%—gcl71 : ggip

et (@) ()
C2 >0 Cy =(2/3) C

¢=4/(3r%) A=4/9

[Starobinsky, Phys. Lett. B 91, 99 (1980)]
34



ARETIL

Case Model A ¢ IS I
(i) (a)  202/(3C.) —3C%/(Cix™) 1 4
(i) (b)  —C3/(3C1) 20/ (Cik?) 2 2
(ii) (c) —1/(3Cy) 205/ (Cik*) 0 2
(ii) (d) 2C5/ (3Ch) —1/(3Ch) 1 0

35



ARETIL

Model EoS

(a) P = —p + [202/ (301)]0— [302 (Olli )}
) P=—p— [02 301 }pQ -+ [202/ (Cll{ )}
) P=—p—11/(3C1)| + [202/ (01143 )} H-?
) P =—p+[2C2/ (3C1)]p — [1/ (3C1)]

4
2

E&de Sitterf@NEFEEL. 12—
*“ IR T RAIRETH B,

36



IV. €£12Lb—23 DT

de SitterfiZ D& E 0(t)| < 1
H = Hint + Hint0(t)  H;pe(> 0)
FHIHEOAFER
—_—— o (3N s
— s g _ o3 _ﬁA (E) HY

37



“ZEMH
Sitterﬁ?id)T)\ztr)
de5(t> = exp(
)

2

—1)¢
_ >Bﬂiﬁfﬂ+z(2’y
v—1)A¢ (?

1) (258 +

+(8+2)(

0 DENEFET S,
>
W

27y
2Hinf

38



mAEETIL
Model (a):
0=z () (%) [o- v (Fr) woncs (Fer) | >0
Model (b):

2 4 2 4
Q=6 (@> (—f> [2 — 15C% (—f> + 21022 (—f> ] > 0
4 K K K



MAEET IV
Model (c):

e P Hing\° 1 Hine\ >
o= () (%) |-am = (5)
1 K :
OQ <0 Or CQ > ( )
Model (d):

40



1Il. RAS—350EH
fEA 5= /d%@ (% — % n 0" P — V(qﬁ))

O AVTFRY V(@) :RFooviL
g it= Juv 075K R AHAT—HhE
k? = 8/ Mp1” Mp1: 750 E R

MEIR7E Friedmann-Lemaitre-Robertson-Walker
(FLRW) B§Ze

ds® = —dt® +a(t) Y, 1 55 (da)
a(t) : R7r—INIT798—

10



AA—A—J)LM422ILb—> 3y
AO—AO—)LI\NTGA—Z—: (67 1, 52)

€

LN VI, 1 Vi)
e () 5

w2 V() 0 T R (V(g))
x TS L SEHOEIHKIETEMAERT,
(V'(¢) =0V (¢)/0¢ )
AL —avIcBBd38AE: (ns, 7, ag)
ng — 1 =—6e+2n. r = 16¢

_ dng 2 g2 .
= 17 16en — 24e” — 2¢ k _,&%‘2&

(v



ENBEOAFER
3

—H? = %QBQ +V(9)

)2

52

! (3H2 T QH) _ %g'b? — V()

H = a/a : 1\ ILik5r—5— = 9/0t
D BOBER: ¢ = 6(p)
p = N N : e-folds#k

H = H(N) .



Description of a perfect fluid

= Second gravitational equation

 Conservation law

) -

H//(N) |

H(N)

=3f"(p)f(p)

f'(p) = df(p)/dp

It is possible to express H(/N) and its derivatives
with respect to N only with p(IN) and f(p(V)) .

44



Description of a perfect fluid (2)

The slow-roll parameters can be described
In terms of A (N) and its derivatives with
respect to N .

The observables of the inflationary

models (ng, r, ag) can be represented
with p(V) and f(p(V)) .

45



Observables of the inflationary models
» For [f(p)/p(N)| <1,

s f(p) T
TR TR

<o (LY

o g(p(N)>

« If f(p)/p(N) = 4.35 x 1073,

(ns, 7, ag) = (0.974,0.104, —1.70 x 10~4)

46




Viscous fluid models

o) _ 4 s (gf‘l —(i)"f - (ﬁ)'”“
P —AIOC Pc +C \/§ pg Pc

2(8—1) 8 y—2
_ Ap[.g_l Hi¢ I 6 ko )07/2_1 H;png
¢ Hy V3 ¢ Hy

Hi,¢ :Hubble parameter at the inflationary stage

pe = 3H2 /k? = 8.10 x 10747 GeV*
. Critical density

Hy = 100h kmsec™ Mpc™! = 2.13h x 10-*2GeV
. Current Hubble parameter h = 0.678

47



Viscous fluid models (2)
For simplicity, if v = 23,

- 6:17 J:435X10_3

« 0 = 2, (Hu,J) = (1.0 x 101°GeV,9.10 x 107107)
(1.0 x 10° GeV,9.10 x 10797)

> f(p)/p(N) = 435 x 1073

—— The Planck results can be realized. 48



EoS of viscous fluid models (2)

—(q+1)/(2
M R %gl/q (@) e 1 _ (¢ —1) Hin
p 3 3 q k2p/3

20 (8 N\ (a=1) Hu
3 \Hatl q H

H/H™ <1 = f(p)/p < 1

Cf. [Nojiri, Odintsov, Oikonomou and Saridakis, arXiv:1503.08443 [gr-qgc]]

[Odintsov and Oikonomou, arXiv:1507.05273 [gr-qc]]
49



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)

j> (ns, 7) can be used to constrain
Inflationary models.

50



. FF
Planck 2015 M#ER

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

(1) BRIBOE DR P LIEH
ns = 0.968 + 0.006 (68% CL)

) ToVIV/Rh5—k
r < 0.11(95% CL)
3) RARIMIVEERDS=2T
ag = —0.003 +0.007 (68% CL) =



0.30

0.15

0.00

(ng, ) Contours

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

0.94

[Ade et al

0.96 0.98 1.00

. [Planck Collaboration], arXiv:1502.02114] &Y #5#: .



S

0.05 0.10 0.15 0.20

0.00

A27L—30FTILADEIR

0.002

(k= 0.002 Mpc™!)

R*4AI7L—3y

0.94

/| |

\\ / 1 | —

Planck 2013

Planck TT+lowP
Planck TT,TE,EE+lowP
Natural inflation
Hilltop quartic model
« attractors
Power-law inflation
Low scale SB SUSY
R2 inflation

V x ¢?

V x ¢?

V o pA/3

Vxo

V x ¢?/3

N,=50

N,.=60

1.00

[Ade et al. [Planck Collaboration], 53

arXiv:1502.02114] &Y 5k




Starobinsky (R*) 1> 2L —<3>

Y RIS sz/d% i5(R + asR?)

[Starobinsky, Phys. Lett. B 91, 99 (1980)]
k2 =81 /Mp®  Mp :FSU0BE o B

« N = 60 — ns=0.967, 7=3.33x10""
g = —5.56 x 10~

N 427 —23 8]
@e-folds%ﬁl Cf. [Hinshaw et al., Astrophys.
J. Suppl. 208, 19 (2013)] 54



ENZDHFER(2)

3 2 2
— S(HN) = 1f.u(so)(H(J\f)) +V (9 (p))

2_

— = (3(H(N)*+ 2H'(N)H(N)) = L@ HN)E = V (6 ()

o2 D —

AHS—BBEREEEMT TR
v w(p) = (do/dp)’ > w(p) = -




it I =)0

- A2 —2aVI BT HBAIEERZERET S
—&I2kY ., REDFE D INEREE A

THOHBRAEEPFR)ENERICHT
HSLFHBAINTRZERD,

> A2 IL—avIcB@TA=2DHRAIE
(n87 r, CVS) 0)%;‘&7&}% LT, (|) AHh5—

HERE . (ii) E

B ARE, (i) FR)E

NEWZERLL T D,

56



AO—A—JLINTGA—F—

H"(N)< H'(N) < H'(N)< HN) DIBE.

= H'(N)
e(N) ~ — (N
1) ~ =5 ~ Sl

) 2
e~ 3 () ~ e

57



AN EmEFET TR

o)~ ZelV)
N=¢
2 N
Vip) ~ %exp (2/ dNe(N))
K Neo
H, E#

[KB, Nojiri and Odintsov, Phys. Lett. B 737, 374 (2014)]

58



WEBAEX P(V) =—p(N)+ f(p) (2)

* ETIL(B) flp) = (p(N)"  7(#1) &%

[Frampton, Ludwick and Scherrer, Phys. Rev. D 84, 063003 (2011); 85, 083001 (2012)]

[Astashenok, Nojiri, Odintsov and Yurov, Phys. Lett. B 709, 396 (2012)]

— [(p)/p(N) ~ (3HZ/r%)" =665 x 107 DIFH .

j> (ns, 7, as) DfEIE. Planck D#EREBES
L&,

59



(H
(N))” D
SR

— H
(N
o
O P
; _
%7{.‘5
5 b
&atfi%
oy
zaimﬁ
6, etk
o o
ﬂ

- 4R
fiz
gk
- (H
(N
) =
GoN + G
1

=
fp) = -
w(N K/_g

= PV

= -1
L0
NG
N+1)G
0+ 3G

p(
;=
p(N
;= _
3(GoN
_|_
G
1) 60



BB (H(N))" = GoN + Gy

EMBEIBAIL— 3y

a = aexp (Hinst) a T

Hing 40— av 810w L5 A—5—

— N ZEBEALELI-BS.
G1/Go> N =) HZIFF—RICIRES.

61



(H(N))* D= (2)

EMBIME . (H(N))® = Goe™ + G4

G2(< O), G3(> O), ,8(>
G
— Jlp) = —5p(N) + 2
() — (34 8) G + 3G

3 (GQ@BN + Gg)

0) :EH

62



ERBAEE! (H(WV))® = G’ + G

INJ)—O—A22L—23Yy

a = at? D (>1) 2%

— H2? = (p/t)* = p* exp(—2N/p)

E>G2:ﬁ2, B=-2/p, G3=0
DZSITHEHT D,

63



REFEX P(N) = —p(N) + f(p)

- ETIL(A)  flp) = fsin(p(N)/p)

f.p &%

[Astashenok, Nojiri, Odintsov and Scherrer, Phys. Lett. B 713, 145 (2012)]

— p(N)/p< 1, f(p)/p(N)=~f/p=6.65x10""
DFZS.

j> (ns, 7, as) DfEIE. Planck DEREBES
L&,

64



A7L—av BT A8 IR
— w(lN) = P(N)/p(N) = =1+ f(p)/p(N) = —1,
BIS |f(p)/p(N)] <1 DIFHE,

A o f(p)
(Y
T g(p(N)>

« f(p)/p(N) = 6.65x107° DIFE.
(ne, ™) = (0.960,0.160, —3.98 x 10™%)




IV. FR)EHEBHRTOHIE
B Spr) = / d*z\/=g 1;(5)
- BAFZOAERD (0, 0) iy

0 = -9G (N (R))(4G' (N (R)) + G" (

=
=

i (3@ (N (R)) + gG’ (N (R)))

(H(N))® = G(N)

$ HNREZbhf=mE . COHEXEMRES
—&I2EY FR)DERZEROND, i




BB (H(N))" = GoN + G,

F(R) = C1(6Go — 2R)3/2\/ — - [1- — _
e e _i 4 (12%0 - %)2
1 3 R 1
Cs(6Go — 2R 2L ([ =, 2 2

C1, Co FENEH
L(uy,ug;y) :—hiESh iz Laguerre LB

(N, Gy, G1) = (50.0, —0.850, 95.0), (60.0, —0.950, 115)

Ok y= N
(TLS,’I”, as) — (0967,0121, —5.492 x 10—5)7

(0.967,0.123, —5.55 x 1079). .




ERBAEE! (H(WV))® = G’ + G

F(R) = C1F (by, b, 15 y)

1 1
+Cy (12G4 — BTV | (1 tbo+—1+bs+—,2—d: y>
Y Y

=38 -24 /B2 —208+14 1 12G5 — R

d _— — — p—
Y 12G4 —1—3G3/6

v 13 7

(N,G2,G3) = (50.0,—1.10,10.0) , (60.0,—1.20, 15.0)

DIES.
(ns, 7, as) = (0.963,6.89 x 1072, —5.06 x 107?)

(0.965,5.84 x 1072, —4.51 x 107°).¢8
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