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Introduction

Inflation
solve some problems of big-bang cosmology

—flathess, horizon

consistent with observation
—CMB

cannot solve initial singularity

Galilean Genesis, Bounce
Creminelli et al. (2010) Qiu et al. (2011)

initial simgularity H > ()



NEC violation and stability conditions

perturbations around a Flat Friedmann sp.

1 -
S(2) = §/dtd3xa3 e

a2

G,> 0 : ghosbidstability
F.> 0 : gradipdt instability

Lo=—5(00)° +V(0) (= Cal6, X)) , X = (007

Fo = _Méﬁ Violation of NEC H > 0 — F, <0



NEC violation and stability conditions

perturbations around a Flat Friedmann sp.

1 T
S(2) = §/dtd3xa3 Go(?

a2

G,> 0 : ghosbidstability
F.>0 :grad%instability
Ly = G2(p, X)—Gs(p, X )¢

2 :
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Violation of NEC H > 0 —<p F. < 0




Inflation from MinkowskKi sp. D. Pirtskhalava et al. (2014)
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| Stable NEC violation does not indicate
| stable at all time.

— model dependent or independent? :




No-go theorem in single field theories

‘C¢ — G2(¢7 ) G3(¢7 ) ¢

Instabilities of nonsmgular solutions ;
| a>0and H.H,.. < 00
| are model independent.

M. Libanov et al. (2016)
— Extension to Horndeski theory T. kobayashi (2016)
G.W. Horndeski (1974)

— most general scalar tensor theory
having second-order field equations

Lo =G0, X)—Gs(p, X)Up+ - -




—model space

No-go theorem

- 2nd-order eom

- flat Friedmann sp.

» single scalar field

There is a bounce model which gradient instabllities

occurs at normal phase which NEC Is not violated.
A. Easson et al.(2011)

There are other fields such as perfect fluid.



—model space

No-go theorem

- 2nd-order eom

- flat Friedmann sp.

» single scalar field

Dommant field transfers its energy

| to other fields. >

A

gradienticistability -+?




multi scalar tensor theories

Generalized multi Galileons Padila et al. (2013)

— general multi-scalar tensor theory
having second-order field equations
[ = G2(XIJ7¢K) o G3L(XIJ,¢K)|:’¢L —|—G4(XIJ,¢K)R

+ Gy (0¢'0¢” =V, V,6'V,V,07)
+ Gsp (X o™)\GH'V V0"

1
— 5 Gar 1) (06 006" = 306V, V.67 VIV $1)
1
+ ZVMVV¢IVVVA¢JV)\V'M¢K) x1J — _ivugblvuqu

This i1s not the most general multi-scalar tensor theory
having second-order field equations unlike the Horndeski theory.



multi scalar tensor theories

Generalized multi Galileons Padilla et al. (2013)
— general multi-scalar tensor theory
having second-order field equations

AII terms of Generalized multi galileons and new termsj

i —— most general multi-scalar tensor theory
' having second-order field equations

New terms

at flat sp. —— Covariantization
Allys (2016) Akama,Kobayashi (2017)



multi scalar tensor theories

Generalized multi Galileons Padila et al. (2013)

— general multi-scalar tensor theory
having second-order field equations
[ = GQ(XIJ,QbK) o G3L(XIJ,¢K)|:|¢L —|—G4(XIJ,¢K)R

+ Gy (0¢'0¢” =V, V,6'V,V,07)
+ Gsp (X o™)\GH'V V0"

1
— 5 Gar 1) (06 006" = 306V, V.67 VIV $1)
1
+ QVMVV¢IVVVA¢JV)\V'M¢K) x1J — —§VM¢IVM¢J



Perturbations around a Flat Friedmann sp.

S =

1 i :
2 / dtd’za® |Grh;,

Gr =2 |Gy —2X""Guyrs+---] >0

Fr=2|Gy— X" (" G511 + GSI,J)] > ()

1
2

D1;VQ" - VQ’
o1 (t.7) = o1 (1) + Q' (1, 7)
K17, D1y are positive definite.

focus on only this condition
to discuss gradient instability

—/dtd?’xag /C]JQIQJ




Positive definite of D;;

v'Dv >0 , v: arbitrary and v # 0

qu
qu
v = | v Duv >0 2D, XY >0
quv
j(IBJ) 1 d CLB[BJ
D;;=Cry— Il
Mg adt( 20 )

Crs X" =2H(Gr + HGr) — © — HO — H>Fy

d T+ ' Br +2HGr =0



Positive definite of D;;

v'Dv >0 , v: arbitrary and v # 0

¢51
$2
U = : ; ’UTD’U>OH2D[JXIJ>O
qg}v
1d
2D, X" = 2H" ( d fT> > 0
a dt
SZ%’@:_QBXJKGSIJK‘FQHGAL‘F“'
d
d—i > afr >0

from nonsingular and stability condition
a >0 Fr >0



Positive definite of D;;

3
£>CZJT"T>O

same discussion with the case of
the Horndeski theory

Non-singular and stable solutions

/ aFrdt < oo  OrF / aFrdt < oo

“geodesically incomplete for graviton”
Y. Cai et al. (2016) P. Creminelli et al. (2016)




multi scalar tensor theories

New terms

at flat sp. —— Covariantization
Allys (2016) Akama,Kobayashi (2017)



New terms Alys (2016)

Lext — [:extl + »Ceth + *CextB

»Cextl — A[IJ] [KL]Mé‘]iLll#QQV,L;:a a,ul ¢I@M2 ¢J8V1 ¢Kauz ¢L8,LL3 O3 ¢M

Lexte =Arnixnjn)0b1b2131449,, ¢ 0, 6"
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Lexts =Ar1rLmNj00L 1213140, 6" D), 07 D)™
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These terms do not exist
in the single field theory(galileon theory).



Covariantization of new terms
Akama,Kobayashi (2017)

1.0, =V,

2. 2nd-order eom

['ext — 'Cextl + ['extQ + £ext3

ﬁextl :A[IJ] [KL]Mé‘glllﬁ;ZV,L;:s vul ¢Ivu2 ¢JVV1¢KVV2 ¢L
X V,, V3™

Lexto =ArnixrjunO0bit2isiay o'V, ¢’
< vul ¢Kvu2 ¢Lv,u3vy3 ¢Mv’u4vy4 ¢N

b higher derivative

Lexts =A[1s k) [LMN0OLEAANY ¢V 1,07 V0™

< VV1¢LVI/2 ¢MVV3 ¢Nvu4vu4 ¢M




Covariantization of new terms
Akama,Kobayashi (2017)

»Cext — [/extl + £ext2 + £ext3

Loxt1 =Apnrrm0bit2isv ,, o'V, ¢/ Ve V2 gr
X V., V3™

Lexte =Arnxnj (N 0L L2134, 6"V, 07

< VV1¢KVV2 ¢Lvu3vyg ¢leu4vl/4 ¢N

H1H2 03 4 JIV3V4
T B[IJ][KL]évvaV:sm it H3l4 where

1
I K L _
XV, ¢ VM2¢JV”1¢ V720" Bunixn,mny = 5Aprrivn)

Loxts =AirsxLmno0b 214N 'V 1, 07V o™

< vl/1¢Lvl/2 ¢le/3 ¢Nv,u4v’/4 ¢M



Effect on scalar perturbations

1 1 |
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No-go argument in generalized multi-galileons
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a dt
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Effect on scalar perturbations

1 .
S(z) — dtdg . C[J@iQIaZQJ i
2 a?
Cry;— Cry+C%

Cry = 32H( — A[IK][JL]MXKLéM + 2H By X
+ 4HB[IK][JL],<MN>XKLXMN)

DIJ _ CIJ 4. CextXIJ 0

> do not change the no-go argument |
(Drs X" =Dy x™) ]




Summary

No-go theorem in multi scalar theories

m Generalized multi Galileons

Non-singular cosmological solutions

— unstable unless/ afrdt < o0 is satisfied

geodesically incomplete for graviton
m New terms

do not affect the proof.

The number of scalar fields is not related
with gradient instability.



Summary

—model space
No-go theorem——

- 2nd-order eom - spatial higher derivative

. Misonoh et al.(2017
- flat Friedmann sp. (Misonoh et al{£0T11)




Horndeski theory w? = c2k?
w? =cik*, ¢t <0

High frequency mode diverges.

> 1.2
(gradient instability) \ k

Beyond Horndeski theory w? = c2k* + ak”

w2:03k2+ak4+---,
c§<0,a>0
> Jo?

High frequency mode \/

IS stabilized.




Summary

—model space
No-go theorem——

- 2nd-order eom - spatial higher derivative
(Misonoh et al.(2017))

- non-flat Friedmann sp.
(In preparation)

- flat Friedmann sp.




Summary

—model space
No-go theorem——

- 2nd-order eom - spatial higher derivative
(Misonoh et al.(2017))

- flat Friedmann sp. - closed Friedmann sp.

- open Friedmann sp.




