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Alternative scenarios

Galilean Genesis

Inflation Is a very successtul scenario.

- There are many kinds of models

which explain the early universe.

We want to compare genesis to
other inflation models and discuss
observational implications

Q : If nearly scale invariant primordial
GWs detected Inflation *?
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Original model

~ Generalized model | Horndeski theory



Galilean Genesis

o Alternative to inflation model
o Null Energy Condition is violated

with stable.

o Previous work

[P. Creminelli, A. Nicolis and E. Trincherini, (2010) ]
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Horndeski theory

o the most general scalar-tensor theory which has up to
2nd derivative

o Field egs. have no 3rd and higher derivative terms

o Generalized Galilean Genesis is subclass of this theory.

SHor = /d4$\/TQ{G2(¢,X) — G3(¢9, X)Uo + G4(¢, X)R
+Gax [(00) — (V. V,0)?] + G5(0, X)GH*'V .V,

~§Gsx[(06)° = 300(V,9,6)° + 2(9,V,6)°] }

X = —g" 0,00,0/2

[G. W. Horndeski (1974)
[C. Deffayet, Xian Gao, D. A. Steer, and G. Zahariade (2011)]

[T. Kobayashi, M. Yamaguchi and J. Yokoyama (20181 )]
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Generalized Galilean (Genesis

o Include the various models of Genesis

o |Introduce a parameter «, arbitrary functions g;(Y)

Gy = X200 (Y),  Gg=e**gs(Y),

M _ _
G4 — 2P1 | 6204)@94(}/)’ G5 — € 2)\¢g5 (Y) Y =e 220 X

o Solution (oo <t < 0)
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[S. Nishi, T. Kobayashi, [arXiv:1501.02553 [hep-th]]]



Generalized Galilean Genesis

o tensor perturbations

| 1 -
- acton g = 5 / dtd®z a>G (o) {h?j . _(Vhij>2}

+ propagation speed

c?p = —— = const.
T
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Generalized Galilean Genesis

o scalar perturbation

+action ;
S = / dtd*z a®G {@ — C—g(vg)ﬂ
: 9 .FS
+ propagation speed cg = —— = const.
S

* power specirum
Po ox k212> (0<a<1/2) ( ¢ : decaying mode + const. )

Po x k72 (a>1/2) ( ¢ : growingmode + const. )
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Extended model

Horndeski theory

scalar power spectrum
— flat, red , blue

tensor power spectrum
— Dblue
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—xtended Generalized Galilean Genesis

o action ( In Horndeski theory ) ( subclass — Y. Cai, Y. Piao, (2016) )

Gy — 62(a+1)/\¢g2(y) 4 6—25/\¢a2(y) e 6—2(a+25)52(y)

Gy = —e?g3(Y) 4 e 2P 05(Y) 4 e 2(@T28) by (V)
G, = 6—2B>\¢a4(y) 4 6—2(Oé+25)>\¢b4(y)
Gy = e 2(@F20+D)Adp (v (a+ 8> 0)
az(Y) = 8\*Y (YOy + B)*A(Y) bo(Y) = 16A°Y?(YOy +a+ B8+ 1)°B(Y)
a3(Y) =2X0(2Y 0y + 1) (Y Oy + BAY) b3(Y) = 4X2(2Y 0y +3)(Ydy + a+ 8+ 1)2B(Y)
CL4(Y) = Y@yA(Y) b4(Y) = 2\ (Y@Y -+ )(Y@Y +a+ 8+ )B(Y)
bs(Y) = —(2Y 0y + 1)(Y 8y + 1)B(Y)

A(Y), B(Y)

. arbitrary functions
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—xtended Generalized Galilean Genesis

. M
o Generalized g, = 2ty (V) G, = 2p < 4 2@, (V)
Gg — 62a>\¢gg (Y) G5 — 6_2>\¢g5 (Y)

o Extended Gz = TN0u(Y) + e ay(Y) + e 20y (V)
(a+p8>0) Go=—e"g(Y)+e " Pag(Y)+ e 202 by(Y)

G, = 6—25>\¢a4(y) 4 6—2(a+25)>\¢b4(y)
G5 _ 6—2(a—|—25—|—1))\q§b5(y)

ho RO ho
ezt 0= [T o e
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Extended Generalized Galilean Genesis

o scalar perturbation ( Generalized model )

s
propagation speed Colims C. 0 const.
Ps ox k22 Poock =
power spectrum or
(0<a<1/2) (0> 1/2)
o gcalar perturbation ( Extended model )
D 2 e [ —————
Gs 1= gTIBQT X #0 > =
©°
propagation speed cg = const. C% x (_t)2(a+ﬁ)§
o 1/2-5
power spectrum v=1/2-a-2f B
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Extended Generalized Galilean Genesis

o tensor perturbation ( Generalized model )

. 2 FT
+ propagation speed CT = —— = const.
Or
*  power spectrum Pr ox L2

bs =0 ¢ b5 #0

o DI’Opaga’[iOﬂ Speed CCQF — const. C?F X (_t)Q(a—I—ﬁ)
+ power spectrum 128w &1 —/fﬁ__fl
k3—2y (V2 O) ............................................... 1 .........................................................................
Pr oc{ B2 () < 0) H£ ) .



Extended Generalized Galilean Genesis

5 . | ilized model )
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Extended Generalized Galilean Genesis

o scalar perturbation ( Generalized model )

s
propagation speed Colims C. 0 const.
Ps ox k22 Poock =
power spectrum or
(0<a<1/2) (0> 1/2)
o gcalar perturbation ( Extended model )
D 2 e [ —————
Gs 1= gTIBQT X #0 > =
©°
propagation speed cg = const. C% x (_t)2(a+ﬁ)§
o 1/2-5
power spectrum v=1/2-a-2f B

---------------------------------------------------------------------------------------------------------------------
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Extended Generalized Galilean Genesis

o flat spectrum on the line ( scalar perturbations )
4

L} ' L} L) L) l L} L) L} ' L) L) L} ' L) L) L) l L}

ra

2’0, a+28 >1/2




Extended Generalized Galilean Genesis

o flat spectrum on the line ( scalar perturbations )
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Extended Generalized Galilean Genesis

o flat spectrum on the lines ( Scalar perturbations )

-4 R T T e S
=0, y<0
5
20, a+2f >1/2
6 0
-2
=0, v>0
- 20, a+28 <12
_4 | | 1 1 | 1 1 1 | _— |
-4 -2 0 2 4 6
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Extended Generalized Galilean Genesis

o tensor perturbation ( Generalized model )

. 2 FT
+ propagation speed CT = —— = const.
Or
*  power spectrum Pr ox L2

bs =0 ¢ b5 #0

o DI’Opaga’[iOﬂ Speed CCQF — const. C?F X (_t)Q(a—I—ﬁ)
+ power spectrum 128w &1 —/fﬁ__fl
k3—2y (V2 O) ............................................... 1 .........................................................................
Pr oc{ B2 () < 0) H£ ) |



Extended Generalized Galilean Genesis

o flat spectrum on the lines ( Tensor perturbations )
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Conclusions

o (Galilean genesis as an alternative scenario to inflation

o We extended generalized galilean genesis model so that
the tensor perturbations grow on superhorizon scales.

o Q: If nearly scale invariant primordial GWs detected
-» |nflation ?
A This work =9 NO

(Genesis scenario gives...
- nearly scale-invariant GWs = possible ;
red / blue GWs = also possible
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background equations

o Friedmann equation
62(a+1)>\q515(Y0) ~ ()

p(Y) = 2Yg, —go —4N\Y (ags — Yg3)

o Evolution equation
4e P0G (Yo) H + 2T DAp(Yg) ~ 0

p(Y) = go—4arY g3+ 8(2a+ 1)NY (agy — Ygh)
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background equations

o Friedmann equation aszs = (0
. . 3G+ K — Flatness problem is solved
e2(aT DAY 5(Y7) e 0
X (_t)—Q(a—l—l) X (_t)QB

p(Y) = 2Yg, —go —4N\Y (ags — Yg3)

o Evolution equation
: K
129G (Vo) H + 2ty 4 T2E L g
a

p(Y) = g2 —4alY gz +8(2a+ 1)A\*Y (ags — Yg})
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Growing tensor perturbations

[Y. Cali, Y. Piao, (2016)]

O ACUOH S /dtdgm’\/ —9(51 < £2) + Smatter

L= e | LX3 aMEeteld

M
M2 MS M2M8 ;
Ly = TP (X2 | 1> s §(3 —(0¢)* + V, V,oVHVY ¢
o solutions a~ag (14—t 1 I t - 1)
~ M6Mg (t* _ t)8 MGMg *
o perturbations
scalar tensor
- sound speed % oc (=t or ()2 ¢F ox1/5

power spectrum Po o k12/5 Pr o kY
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[T,Kobayashi, M, Yamaguchi,

Growing tensor perturbations and J, Yokoyama (2010)]

o Horndeski theory

, | Py = 9 [G4 _X (gb'G5X o Gwﬂ
Cp = —T

Gr =2 |Gy — 2XGax — X (HoGsx — Gy )|

- G_4 and G_b5 determine the sound speed

SHor = /d4w¢fg{G2(¢,X) — G3(0, X)0¢ + Ga(9, X)R
+Gyx [(O9)° — (VuV.u9)?| + Gs(¢, X)GH'V V., ¢

__G5X [( ¢)3 o 3 ¢(VMVV¢)2 _I_ z(vuvu¢)3] }
X = _g,uyau¢ay¢/2
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ADM -> covariant form

o EOM
My (Nas) fo +3M5NasfsH + 6MiN*(N tay) f1H?* + 6 Ms N3 (N 2as5) fsH> =0
1 d
Mélagfg — 6Mfa4f4H2 _— 12M5a5f5H3 — NE(Mgagfg + 4M426L4f4H T 6M5a5f5H2) —2()
we have... , /
H(t) ~ L (Nag)" =0

(—t)zecraind Nasfs ~ (asfoH)

o Perturbations
Gr ~ 2(1 4 28) f4Y, Pe 287

Gr = —2Mj fraq — 6Ms fsasH +2(1+ a+28) fY, T2 te 2o g g
1
Fr = 2M7 fibs + ~Ms fLbs Fp o 9f,Y P20

_|_2<1 a4+ 25)f5y—(1—|—a—|—2,3)e—2(1—|—o¢—|—2ﬁ)>\¢§'b.

iNn the same way, 13 is evaluated from G_S
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Galilean Genesis

solutions
(e i <)

* Friedmann eq.
E ~ 2T 50¥7) ~

p(Y) :=2Y gy — g2 — 4AY (ags — Yg3)

.
.
.
.
.
.
.
.
.
«*
.

p=20 Yy = e X = const. higher order of tA-1

1 I A
A o (=)L H(t ~ : — |+

- Evolution eq.

| NEC violated
P~ 2G(Yo)H + e *TDA%h(Y5) ~ 0 p <0
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