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Generalized Galilean genesis



Galilean Genesis - Original model
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Galilean Genesis - Original model

4+ Action

4+ Solutions
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Galilean Genesis - Original model

H—0 p— 0
H? = %p >
3 p>p
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Generalized Galilean genesis

4+ Horndeski theory

The most general scalar tensor theory which has up
to 2nd order derivative terms in the field equations.

SHor — /d4$\/jg{G2(¢7 X) - G3(¢7 X)D¢ + G4(¢7 X)R
+G4X [(ng)Q - (Vuvu¢)2] + G5(¢7 X)Guyv,uvuqb
- §Gax[(00)° ~306(V,7,6)° + 2V, 9,07 |

X = —g""0,00,0/2

[G. W. Horndeski (1974)]
[T. Kobayashi, M. Yamaguchi and J. Yokoyama (201 1)]
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Generalized Galilean Genesis

£ = c?(a+1))\¢:ﬁ(y) + 6Hd')e‘2uAd'Jcl(Y)
¥ —3H? [c-z(Y) + e%MdZ(Y)] + 2H3¢e P cy(Y)
£~ 62(c1+1))\¢ﬁ(yo) ~ 0
P ~ 2G(Yo)H + €**TVh(Y,) ~ 0,

pY) = 2Ygy—go—4XY (ags—Ygs), — BNHBDLOK

p(Y) = go—4alYgs EERgIZERN
+8(2a + 1))\2Y(ag4 - Yg)),

G(Y) = Mg —4)\Y (g5 +Ygs),

[S. Nishi, T. Kobayashi, [arXiv:1501.02553 [hep-th]]



Generalized Galilean Genesis

£ = c2(a+1))\¢:ﬁ(y) + 6Hd')c‘2u)\¢’cl(y)
¥ —3H? [cz(Y) + c2“A¢d2(Y)] + 2H3e~ Py (Y)

£~ e?(c2+l))\c5ﬁ(yo) ~ 0,

P ~ 2G(Yo)H + e2@tDAp(Y,) ~ 0, — HOIPESN 3B
p(Y) = 2Ygh—go—4XY (ags —Yg),
p(Y) := go—4arYgs
+8(2c + 1)A%Y (ags — Y gi),
G(Y) := M3 —4\Y (g5 +Ygs),

[S. Nishi, T. Kobayashi, [arXiv:1501.02553 [hep-th]]
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Generalized Galilean Genesis

+ tensor perturbations
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Generalized Galilean Genesis

4+ scalar perturbation
. cg
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4+ Galilean Genesis
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Reheating and primordial
gravitational waves

[S. Nishi, T. Kobayashi, JCAP 1604(04)018 (2016), [arXiv:1601.06561 [hep-th]]



Reheating and primordial GWs in GGG
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Reheating and primordial GWs in GGG
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Reheating and primordial GWs in GGG
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+ERENBZI3ME (RHT7—5F) X
1

Lx — — 59”1/8/0(81/)(

4+ Genesis genesisD#& D tE

1 hg
~ 1
“ “G[ " %0 <—t>2a]

=0, <1

Kination M2 o
L~ %RJFX ( X : Kinetic term )

time

(Genesis Kination Radiation



Reheating and primordial GWs in GGG
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Reheating and primordial GWs in GGG
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Reheating and primordial GWs in GGG
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Reheating and primordial GWs in GGG
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const.

(kr < k < ky)
(keq < k < kRr)
(ko < k < keq)

log(( 1,:“-)

Jeq

fi

log(f)




Reheating and primordial GWs in GGG

1
\H % LKination

\

(Genesis Radiation Matter



Reheating and primordial GWs in GGG

4+ Inflation & Genesis
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Gravitational waves and GGG

4+ Inflation & Genesis
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Gravitational waves and GGG

4+ GenesisT7 )L A

- D LLER

10710 - Adv LIGO
1018
5 100}
10°%
10°% 3
Ir
10 50 L PPN | PPN |
1000 105
f(Hz)
2u°
— 2 2
go = —2u°Y + FY ,
g4 = g5 = Oa A= s

fx

PUDPUON | PUNPEPNPUUN R—
10 10°

a=1,

10 50 L

- Adv LIGO

Tx Tr

PUPEPPOON | PRSPPSO | PUNEPRRPEPOON |
1000 10° 10
f(Hz)

2f3 2f3
g2 = 2f2Y + FY27 gs = FY,

g1=95=0, A=1, a=2




Gravitational waves and GGG
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Gravitational waves and GGG

. 2(34+2a)

1 342a
= — 327r2 2(24a) 7{'29* 2(24a) ~. 1 TR 2 cr
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EREEX /
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Matter Creation - conditions

- for the end of genesis
assume  hg = BMp p 2et?

e

=90, < 1

a~aq ll—i—

(a—1)/c
H, < B~ 1/2 ( H )
Mp Mp

scale factor grows

77 062\ (2ot1)/2 y 2(1—a)
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Gravitational waves and GGG

LOg [h]Q ;zw] 1 b
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[S. Nishi, T. Kobayashi, Phys.Rev.D95(6)064001 (2017), [arXiv:1611.01906 [hep-th]]
Scale-invariant perturbaitons H AJEE

& i M,
Generalized Gy = 2T DA (V) Gy = —2L 4 200 g, ()

2
G5 = 2% g, (Y) G5 = 6_2>‘¢g5(Y)
_ ho 1 hg
e o () g H(t) ~ (—t)2a+1’ a(t) ~ ac [1 * 2a0 (—t)QO‘]

+ Extended G2 = >y (Y) + e 200y (V) + e~ 225Dy (1)
(a+8>0) Gs=e**gg(Y)+ e 22 a3(Y) 4 e 22 py (V)

Ga = 2P0y (V) + ¢ 22000, ()
Gs = e—2(oz—|—2ﬁ—|—1))\¢b5

ho 1 hO

e o (—t)_l, H(t) ~ (—t)20+26+1" a(t) ~ag |1+ 2(a + B) (_t)2(a+6)




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

Growing tensor perturbations
- Action SZ/dtde\/—ig(£1 + L2) + Smatter

L = _eto/ M LXB _ M9/ M

M
M2 M8 M2M8 y
Lo == (X2 + 1) R+~ [~(06)° + V.V, oV Vg
: N 1+ 1 1 1 9
- solutions a~ag MEATE (£, — 1% H ~ /\/16—Mg<t* — 1)
- perturbations
scalar tensor

. sound speed % x (—=t)® or (=)' 3 x1/5

. power spectrum Pg o k2/3 Pr o k°



Scale-invariant perturbaitons

- Horndeski theory
Fr Fri=2[Gs— X ($Gsx + Gsy )|

gr Gr =2 [G4 —2XGyx — X (HQBGSX — G5¢)}

- G_4 and G_b determine the sound speed
SHor — /d4$\/jg{G2(¢,X) — G3(¢7X)D¢ =+ G4(¢7X)R
+Gax [(09)* = (VuVud)?’] + Gs(d, X)G"'V V.0

—%G5X [(D¢)° = 306(V,. V) +2(V,V,0)’] }

X = —¢g""0,90,¢/2



ADM -> covariant form

EOM
My(Nag) fo +3M3NajfsH +6MIN?*(N"tay) f4H? + 6MsN? (N 2as) fsH®> =0
1 d
Myasfa — 6MZaysfrH* — 12Msas fs H> — Nd—(M3 asfz +4MZayfaH 4+ 6Msas fsH?) = 0
we have:--- ho (Na,g)’ —0

H(t) ~

(—t)zetait Nagfa ~ (asfaH)

Perturbations Gr ~ 2(1 + 28) f1Y,~Pe20%

Gr = —2M} fras — 6M; fsas H +2(1 4 a +28) Yy (T2 1

1
Fr = 2M3f4b4 + NMSféb5 Fr o 2f,Yy Pe=2870

+2(1 a4+ 2/8)f5y—(1+a+2,3)6—2(1+a+2,3)>\¢g'25

INn the same way, 13 is evaluated from G_S



Scale-invariant perturbaitons

+ scalar perturbation ( Generalized model )

2 ts
| cg = —— = const.
propagation speed Gs
Pg o< k>1T2* or s g2
power spectrum (0<a<1/2) (>1/2)

+ scalar perturbation ( Extended model )

G2 e | pr————
Us 1= <§2T+39T 270 E=
propagation speed C% = const. C% x ( t)2(o‘+5 )
1/2 -
power spectrum v=12-a-28" V:oz—/kﬁ—fl
7) k,3—21/ (V > O) SR, ssrseessseessssessssssesssessssssnsenst Sfh eansesasssssassssassasesnsssserssssnsasssesassanane}
ST (v <0) g



Scale-invariant perturbaitons

+ tensor perturbation ( Generalized model )

2
propagation speed Cr = —— = const.
gr
power spectrum Pr L2

-----------------------------------------------------------------------------------------------------------------------

* tensor perturbation ( Extended model)

L 2B/(Yo)+YoB"(Yo) =0 | | 2B/(Y0)+YoB"(Yo) #0 i

| 2 o 2a+B)
propagation speed . r = const. e X (—t) (ath )g
B 1/2— 3
= 1/92 — —
power spectrum v=1/2-6 T B+1

P o { :;_LZ (VZ O) H(l) ......................................................................



background equations

- Friedmann equation a+ 5 >0
o ) 3gr K — Flatness problem is solved
2+ 5y ) aj; ~ ()
o (—t) 72t o (—t)2F
pY) = 2Ygh—go—4NY (ags — Yg5)

- Evolution equation

Frik

1e™ PG (Vo) H + €T p(Yg) + =~ ~ 0

a
X (_t)—Q(Ot—l-l) - (—t)25 or (_t)Q(OH‘zB)

p(Y) = g2—4aAYgs



Scale-invariant perturbaitons

<

2B'(Yo) + YoB"(Yy) = 0

~

F(Yo)#0 (240 ) )




Scale-invariant perturbaitons

<
2B'(Yo) + YoB"(Yo) # 0

) #0 (Z#0)




Anisotropy

. metric ds* = —dt* + a? [eQel(t)dx2 + 6292(t)dy2 + 6283(’5)0’[7;2}

- eguations

0y =By +V3B_, 0y=P0, V33, 63=-28,

d . . . o\
= |Gr8y —2XdGax (82 - B2)| = o
d . . o
— |9rf- +4X3Gsx BB = 0
By ~ (_t)—26+1
(/B+JIB—) — (Oa O)a (bv 0)7 (_%ba ?b)a (_%ba _\/751))
- g (—t)~(1+20+25)

T 29X dGsx



Anisotropy

- metric  ds? = —dt® + d? [e291(t)dx2 + 6292(t)dy2 + 203(1) 4,2

0y =B +V3B_, 0a=p8. —V3B8_, 03=-28,

- a(t) vs B
_ B4 N 1
GoX =0 ﬁ (_t)1—|-2 — > 5
Gox 20 (B0 =(0,0,6,0, (-0 520, (<25, - L0
= const.

H



Gravitational waves and GGG

Log [h]Q szw]
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5 BBN bound
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Conclusions

4+ inflation & Genesis
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