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- There are many kinds of
models which explain
the early universe.

- Inflation explains the
observational result
well.

- (Galilean Genesis is an
. . 1st Stars
alternative to Inflation. about 400 million yrs.
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Galilean Genesis - Horndeski theory

o The most general scalar-tensor theory
o Field egs. have no 3rd and higher derivative terms

o Generalized Galilean Genesis is subclass of this theory.
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Introduction - motivation

o Only inflation can explain the early universe?
compare genesis to the other inflation models and
discuss observational implications.
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Galilean Genesis - Previous work

o Alternative to inflation model
o Null Energy Condition is violated stably
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( ) fo—
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o Previous work :_/
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Galilean GGenesis - Previous work

o solutions
{ — —0o0
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Galilean Genesis - Generalized model

o Include the various models of Genesis

o parameter o
arbitrary function ¢;(Y)

Go = TNy (Y),  Gs =e**gs(Y),

M2
Gy = Tpl +2M0,(Y), Gs=e g(Y). YV :=e P?X

o Example - Original model

3
92=2f2y+2%y27 g3=2"=Y, g1=9g5=0, a=A=1
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solutions (—oc0 <t <0)

- Friedmanneq.  E1 @D 50y,)1 0

(YY) =2Y g — go — A\Y (ags — Yg3)

.
.
.

p=20 Yy = e 2 X = const.

1 1 h
Ao V1 H(t ~ 0
e’ X ( t) () o (_t)2a—{—1’ a=aqg [1 + o (_t)Za]

- Evolution eq. NEC violated

P~ 2G(Yo)H + 2 TH2p(Yg) ~ 0 p<0
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(Galilean (Genesis

solutions (—oc0 <t <0)

- Friedmanneq.  E1 @D 50y,)1 0

(YY) =2Y g — go — A\Y (ags — Yg3)

.
.
.

15 — () Yy = e M X = const. higher order of tA-1
e oc (=), H(t) o ! a~ag |1+ Lo +
, (—t)2e+17 & 2a (—t)2e

- Evolution eq. NEC violated

P~ 2G(Yo)H + 2 TH2p(Yg) ~ 0 p<0
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Background

o Numerical analysis

corresponding to
_ —
> f(p _— € ¢ YO

Yo! ! W
no solution of H(t)

time reversal solutions
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Perturbation (tensor)

Action 2) 1 3.3 2 2 2
'

~ const.

-> In Minkowski spacetime fluctuation do not grow
-> too small to detect...

Stability
2 F MPQ)I + 41 Y0g5(Y0)

Lo Gr G(Yo)

sound speed -> ¢

G(Yo) >0, Mg, +4XY95(Yo) > 0
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Perturbation (scalar)

o |Lagrangian o
Li = A(Yo)(! 1) W1 K221

o Wave eq. . Qv -
el kZ 2 _ O
Gk —) G+ k75 Cr

o solution

1 ) 1
!k_é A(YO)(I t% ('#k(I t))! V:§—OZ

/

O<!< . decaying mode + const.

NI =

| > ;. growing mode + const.

NI =
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Perturbation (scalar)

1 B C! 2" 22"! 2r(| )2 k3! ”
- "3A(Yo)

ne = 2a + 3

ng2_2y_3F(V)2 (_tend)4 1.3+2v

1
o 1>
T2 Plb= 73 A(Yo)

ng =0 — 2«

/ genesis phase
ends at fend
Mo = 2 : flat spectrum

-+ a # 2 : introducing the curvaton field
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Perturbation (scalar)
o Stability
- Lagrangian

= A(Yo)(! )2 1@ 1 K212

* sound speed

2= _S “(Yo)B(Yo) _ = const., !(Y):= —

Gs 1 (Yo0)® (Yo)

Y &(Y)
oY)

5(Yo) > 0, "'(Yo) <O
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Matter Creation - scenario

o Massless scalar field matter x is generated.

1 1%
*Cx — _§gu 8uXavx

o (Genesis at the end of genesis

1 ho
~ 1
4=ac [ " 2 <—t>2a]

Kination - My
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R+ X (X:Kinetic term)

(Genesis Kination Radiation
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Matter Cre | A

How [ changes ?

> Massless ¢ introduce | in 9:Y)

27r

1+ Bet

f? f?
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o (Genesis

[D. Pirtskhalava, L. Santoni, E. Trincherini, P. Uttayarat (2014)])
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Matter Creation - scenario

o Scalar field ¢ ( generate the Genesis phase )
INn kination phase

o Scalar field X (created matter)
energy density of radiation
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Matter Creation - scenario

Reheating temperature

time

Genesis <« Kination Radiation
An 2



Matter Creation

o Solution of X

a(n) Gikn | Br(n) —ikn

o Definition of g, and energy density

2 K —2iks a’ 1 > 3 2
5k(77) — _ﬁ € ;ds Px = 9724 . k ’BR(OO)‘ dk
1 o0 o0 / /
Px = {9521 /_oo dm /_OO dnoln(m|n: — n2|)V (m)V (n2)
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Matter Creation

1 o0 o0 / /
Px =~ 198243 /_Oo dm /_OO dnaIn(m|n —n2))V (1) V' (n2)

o genesis ends at 1= T«
kination starts at 1 =n« + An

o seek  Vi(n) = i f(2 /2 f(n) = a*(n)
— ey
V(n)
Genesis 1_} Kination
An 2

[L. Ford (1987)]



Matter Creation

1 0 oo , ,
o=~ ggmri | dm [ dmnGmln —na)V )V ()

()22

o assume
V(n)
f(n) :==a*(n)

Genesis

V(n) approximately a straight line

f(n) = bg + bin + ban* + b3n®

ey "
f(n) = (—n*)+

time
Kination
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Matter Creation

o Therefore...

Matter x is generated in Any

~ (2a+1)? 1 h? ac\ 4
Px = i agH.An (—t*)4(0‘+1) ( a )

3272
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_____________ — 2
» A (20+1) In (G(;H*AT])

time

Kination
<+
An 2

Genesis



in inflation 7 ~ —f

Matter Creation

e 6 6 6 6 o6 o o o o o o o o o o o Reheating temperature
pe = 3Mp H . 30 )1/4 A3/4 H2
" (Wzg* V/3(32m2)3/4(20)3/2 Mp; 62/

time

Genesis <« Kination Radiation
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Matter Creation - summary

o massless scalar generated in An

o How we set the end of genesis ( n = 1« )
determine px and Tg .

o H, of genesis can be smaller than that of inflation.
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Gravitational Waves - previous study

o from the quadratic action

S\ = / dtd®za® [@h

~ const

(V2hi;) ]

%@

in Minkowski space-time GWs do not grow
— too small to detect

o |n this study...
Power spectrum grows during high frequency area In this
scenario.
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Gravitational Waves

3
| =

(Genesis Radiation Matter
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Gravitational Waves - power spectrum

o Power spectrum

Horizon cross

e (kr < k < ki) Kination
Qo = QP () x ¢ keq kg .
gw = {lgw 3 7 (keq < k < kr) Radiation
eq
kg
— ko < k < ke
\ %4 (ko a) Matter



Gravitational Waves

o hx do not grow in

genesis.
o |hg| do not change at
the horizoncross. .
> 4




Gravitational Waves

/

x k®  (kr <k <k

x k?  (keq < k < kg)

const. (ko < k < keq)
\

foq fi .

log(f)
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Gravitational Waves

o Inflation
Log [haQ gw]
5 BBN bound
- — — R=100 '
-107 R-1 ! =3
------ R=0.01 : &r,
-15 ! .§0
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-20 \“ T :
|
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[H. Tashiro, T. Chiba, M. Sasaki, (2012)]
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Gravitational Waves

* genesis
Qgw(kr) =~ (]\ZI;)2 (%)_4 x 107°
Qg () (;;;)2 (Z—g)Q x 1077

- Inflation

g = M7 g

Qger can not be larger than Q%




Gravitational Waves

o (General cases

| gw(f)=10"' 318 =

o211

322 w0
A

-> fix a and energy scales

iIn any model

Qg ~ 10712
f = 100MHz

. \1/6
fR'z0.0QG( g ) ( TR )Hz

106.75

10 GeV

foa fi i

log(f)
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Matter Creation - conditions

o for the end of genesis

assume ) ho = BM |!3|2|1! 21 +2
N 1 he T (a—1)/a
¢ = [1 + 2x (—t)2o‘] H* < B—1/2a ( X )
01 Mp Mp;
- |

o scale factor grows

7 06,2\ 2otD/2 y 2(1—a)
dr - a * Bl -~
>ee — <) )




Gravitational Waves - example 1

o Qriginal model

==

2f 3 2f 3
= | 2 4+ 2 -
0:=¢=0, ! =1, "=1,
o0} = AdvLIGO B .
o oA
1075 F g .
Z 107%%F ----__ 8
a e
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fr fr
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.—|-C
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Gravitational Waves - example 2

o | =2 (the scale invariant curvature perturbation )
2f 3 of 3
| | P~ 108 and Tp! 101GeV
2
Mo =1 and 7w ! 10%Gev
1070} = Adv LIGO = 1 :
T
1075 T Y
2 10-3°r"----________- ] H, 1/20 ( 1 )(a—l)/a
—. B el
Ci . 4 Mp < Mp
10} _ X
: 2\ (2a+1)/2 2(1—a)
o2 E ; H, < (967T ) B (L)
fi fu Mp; A Mp
1o 1000 o o ye

f(Hz)
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Gravitational Waves

o density perturbation

'p, - 10_11 (g_.):i,"ﬁ J"I}Jlﬂ,z 1/2 TR 2 R l":’}-’lﬂ'z N 104 ( TR -3

o gravitational waves

assume Tgr ~ 101°GeV

Qg ~ 10712
f = 100MHz

fa fi f

log(f)



Inflation and Genesis

Background

Inflation
- Exponentially expansion.

a(t) = a(ti)eHi"f(t_t")

(3enesis
- Qur universe started from

Minkowski space-time.

1 hg

a(t) ~ 1+ 2 (Cpe

(—o<t< 0)

SN IS

S
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Inflation and Genesis

Scalar perturbation

Inflation
- Flat spectrum

In many models of
Galilean Genesis, a=1.
a=2 In a few models.

Genesis \
- a=2 -> We obtain the flat spectrum without curvaton.




Inflation and Genesis

o |nflation - Genesis
Log [h/jQ gw]
- BBN bound
- — — R=100 '
-107 R-1 ! =3
------ R=0. 01 : (=)}
-15 ! .§0
h - I:
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[H. Tashiro, T. Chiba, M. Sasaki, (2012)]

Qg.f can be larger than qger i



Conclusion

o H, of genesis can be smaller than that of inflation.

o The shape of power spectrum is different between
inflation and Genesis.

o We can find Qg ~ 107" at f =100MHz in any model
of (Genesis.
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