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Introduction



Inflation

Inflation, characterized as quasi De Sitter
expansion, can naturally solve the problems of
the standard big bang cosmology.

® The horizon problem

®TFl
®Trh

® Tl
o ..

e flatness problem
e origin of density fluctuations
e monopole problem



Generic predictions of inflation

® Spatially flat universe

® Almost scale invariant, adiabatic, and
Gaussian primordial density fluctuations

® Almost scale invariant and Gaussian
primordial tensor fluctuations

‘ Generates anisotropy of CMBR.



Observations of CMB anisotropies

Planck TT correlation : r

Green line : prediction by
inflation

Red points : observation
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Our Universe is spatially flat !
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Unfortunately, primordial tensor perturbations have not yet been observed.



What happened before inflation ?
and/or

How did the Universe begin ?



ook back to the past of the Universe

It Is often claimed that, if cosmic time goes back to the past,
the energy density gets larger and larger,
and it eventually reaches the Planck density.

So, unless one completes quantum gravity theory,
one cannot discuss the state at the extremely early stage
(or even at the onset) of the Universe.

i For a perfect fluid : 71}, = (p -+ p) UpUy — guuvp

3 The homogeneous and isotropic (Friedmann) Universe:

N ds® = —dt° + a2(t)'yijdacidmj

=) )= —-3H(p+p).

Aslongas p + p > 0 (and H > 0 for the expanding Universe)

: < O We do not consider
p N . bouncing (contracting) Universe.




Null energy condition (NEC)

Tuygu 61/ Z O for any null vector &".
(gu€rs” = 0)

This iIs the weakest among all of
the local classical energy conditions.

For a perfect fluid : Tur = (p + p) upty — guvp
) NEC © p+p>0

As long as the NEC is conserved, the Universe cannot start from
a low energy state in the expanding Universe.



How robust 1s the NEC ?

® Canonical kinetic term with potential:

1
L= —59“”3u¢3u¢5 — V().

_ 15
= P+V(©)

P
— 32
-{pz;ﬁs?wqﬁ) - pt+p=¢-2>0.
(NEC is conserved)

® How about k-inflation ?

1
L= K(¢7X)a X = _EQHV8M¢8V¢'

=) {;

x " mmmp pt+p=2XKy.

(KX = 8K/8X)

Apparently, it looks that, if Kx <0, it can violate the NEC.
But, this is not the case.



Primordial density fluctuations

Garriga & Mukhanov 1999

" Perturbed metric :

) ds® =-(1+ 20)dt? + 2a20;Bdtdx’ + a’e>Sdx?
Comoving gauge :

q ¢ = ¢(t), dp=0.
Prescription:

p
® Expand the action up to the second order

< © Eliminate o and p by use of the constraint equations

_ @ Obtain quadratic action for §

2
2 € : C
=) 52 = /dtd3x a® M§ 2 (C2 — a_SQC,kC,k)
S

H XKy o Kx (sound velocities of

= , @ .
H2  MZH? S Ky +2XKyy curvature perturbations)

€= —

In order to avoid the ghost and gradient instabilities, &> 0 & cs? > 0.

(Hsu et al. 2004)

- p _I_ p —— 2XKX > O. (See also Dubovsky et al. 2006)




Stable violation of the NEC

It Is iImpossible to break the NEC stably within k-inflation.

(6= KX, X=-3¢"a000)

‘ One may wonder how about introducing higher derivative terms.

Ostrogradski’s theorem :

Assume that L = L(q, dot{g},ddot{q}) and (;Z depends on ddot{q} : (Non-degeneracy)

OL d [OL d2 (oL L
Fq_?(ad) +d2t(afi) =0, = ¢¥=¢(id,).

This system always leads to ghost instabilities.

oL _ ( oL - 1 Na
% ~ % (8(8;5@'))) TR (c)(d,,(), ())) ‘ (p2 + m%)(p + m2) m% ml ( 2 4+ mM2 + 7712) .
(propagators)

One loophole to introduce higher derivative terms is that
equations of motion should be at most second order derivative ones.



- D(ia(i‘?a;fe'? e?él. 2009
Gallleon Nicolis et al. 2009
The theory has Galilean shift symmetry in flat space :

¢ — ¢+ c+ byt (Oup — Oud + bu)

fﬁ e

1 = ¢ 5 (Oudy$)? = 0udy$d"d” ,

Lo = (0¢) (8,0,0)3 = 8,0,¢8" 0 p0\ "¢
{ L3 = (9¢)°D¢

Lo = (8¢)? |(O¢)* — (9udue)?]
Ls = (06)%[(00)° —3(00) (9u009)* + 2 (9u0.9)°

Lagrangian has higher order derivatives, but EOM Is second order.

Is it possible to violate the NEC stably if one includes higher derivative terms ?



Galilean Genesis R e

_ [ A L 2 24 2 4 f . > f 4
S= [d*ov=g | SME R+ 22 (99)? + 15 (09)% D6 + =5 (99)
(In the flat spacetime limit, this theory has conformal symmetry SO(4,2).)

® Energy-momentum tensor :

o 3 f . .
IR (2947 = Spab* ~ o8 358°)
_ o 2(2¢2 YFa, S f 04

® A background solution, (t:-wo->0): Starts from Minkowski in infinite past.

e
11 ho _ ho
H (a(t) ~ 14 2(—t)2) :

A3 1 f3)
Yo= 5, ho= 5=
( 2MZ N3

4 :
- P+ D —f—_— < 0. (Actually, you can verify that H increases.)

( The NEC is violated !1)



Primordial density fluctuations

" Perturbed metric :

) ds® =-(1+ 20)dt? + 2a20;Bdtdx’ + a’e>Sdx?
Comoving gauge :

L ¢=29(), dp=0.

: Fs
‘ Sg?) = /dtd?’m a’> (gsC2 — a—zc,kc,k)

In order to avoid the ghost and gradient instabilities, Gs >0 & Fs > 0.

)\3
Gs = Fs 6Mgf3(—t)2 > 0.
( The NEC is violated stably 1)

N.B. @ Aspectator field like curvaton is responsible for primordial density
perturbations because the genesis field predicts too blue (ns ~3)
perturbations in this simple model.

® Primordial tensor perturbations are not generated at first order.



Galilean Genesis 11 g

Minkowski  Genesis |Reheating Radiation dom
€ Yé =Ya

Y

u(t) = W

_(= - t
to (figure taken from Creminelli et al. 1007.0027)

® In this scenario, the effective theory breaks around t ~ to = 0. So, It is
assumed that the energy density of the genesis field is converted to
radiation, in which hot Universe starts.

® Of course, this Is not necessarily a fault of this scenario. A more
fundamental theory will be able to describe the transition adequately.
(See 1401.4024 written by Rubakov for good review)



From Genesis to inflation



From Genesis to Inflation erseasaea o

H
l _ EFT breaks down -> RD
Quantum gravity\?
Inflation (quasi DS)
Genesis
—/ > t

® As a epoch before inflation (and the onset of the Universe), use of Galilean
Genesis is proposed by Pirtskhalava et al.

® Unfortunately, in their concrete construction, the gradient instabilities
appear during the transition from Genesis to inflation. They are dangerous
for large k modes even during short period because of . Im(cs)kt



We try to construct a concrete
workable model, in which
the Universe starts from MinkowsKi
spacetime In the infinite past, and
IS smoothly connected to inflation,
followed by reheating (graceful exit).



Horndeski 1974

Horndeskli theory e

Kobayashi et al. 2011

Our concrete construction to realize such a scenario
In a healthy way Is based on the recent development,
“beyond Horndeski theory”.

Horndeski theory (= Generalized Galileon) :

4 —
L3 = —{3(e, X)P9,

{ La = Fale R+ Gax |[(B9)% = (VuVid)?],
G5(¢7X)GMVVMVV¢

_:‘)G5X (O¢)® — 3(06) (VuVug)? + 2(VuVug)3|.

)
o1
|

This is the most general (single) scalar-tensor theory which yields
second-order (scalar and gravitational) equations of motion.

But, in order to avoid the Ostrogradski instabilities, this requirement can
be too strong. For this purpose, only time derivatives should be second order
while spacial ones can be higher.



- D(ia(i‘?a;fe'? e?él. 2009
Gallleon Nicolis et al. 2009
The theory has Galilean shift symmetry in flat space :

¢ — ¢+ c+ byt (Oup — Oud + bu)

fﬁ e

1 = ¢ 5 (Oudy$)? = 0udy$d"d” ,

Lo = (0¢) (8,0,0)3 = 8,0,¢8" 0 p0\ "¢
{ L3 = (9¢)°D¢

Lo = (8¢)? |(O¢)* — (9udue)?]
Ls = (06)%[(00)° —3(00) (9u009)* + 2 (9u0.9)°

Lagrangian has higher order derivatives, but EOM Is second order.

Is it possible to violate the NEC stably if one includes higher derivative terms ?



Beyond Horndeski theory ez

ADM decomposition: s = — N2dt? 4 ;; (d:,r;i + N”:dt) (dmfi + det)
(¢= const surfaces)

- I _ 12 2 (¢ and X are functions of
¢ = #(t), X = ¢=(t)/(2N*) tand N, and vice versa.)

Horndeski theory (= Generalized Galileon) : [ ¢z = &),
L3 = —G3(¢, X)0op,
— Lq = Gal¢. XIR+ CGax [(09)° = (V,uVug)?|,
L ﬁN; La, < E: _ G;:(gé., X)GM,,V:é"L ]
——ley r)3— b 11,(2 vy 3.
( Lr = Ax(t, N), L G5x [(00)° = 3(09) (V4 Vi) +2(VuVi)°]

Lz = A3(t, N)K,
N La = A4(t,N) (K2 — K2) + Ba(t, N)R®),

. 1
Ls = As(t,N) (K3 - 3KK% + 2K7) + Bs(t, N) K" (R;’) - gin(?’)) .

N 2
with 4, =_5, _ n284 4 _ N9Bs Kij : extrinsic curvature
T8N TP T 6 oNT Rij(3) : intrinsic curvature

Gleyzes et al. (GLPV) pointed out that, even if the above two relations are
absent, the number of the propagating degrees of freedom remains unchanged.
Gao showed that further extension is possible.



Our setup
L= AN Lq

5
Ly = Ap(t, N),
Lz = A3(t, N)K,
Ly = Aa(t, N) (\ K2 — KZ) + Ba(t, N)R®,
Ls = As(t, N) (\o2K> — 303K K7 + 2K}

+85(6, K (B — g,

\.
( The GLPV theory corresponds to the case with A1 =32=A3=1.)

ds® = —N2dt? + v;; (da’ + N'dt) (dz? + Ndt)

f S
N = N(t) (1 + dn), curvature perturbations

< N,; = N(t)az'Xa/ tensor perturbations

Yij = a,2(t)82C (eh ok (h'ii = Nigj = O)

.



Perturbations

® Tensor perturbations :

£ =

® Curvature perturbations :

2
£P = N3 {g < +c(

(
Os

< s

Hs

.

NB. @C=0forM=)2=A3=1.

8

>G2
©2+5C

1 d (a©@Gpar

Nadt (92 + 3¢
G5C

024+ 3¢

82

—I_ 3gTa

)_

g
ng 1y (3}%3) ] {

84
]:g— — He— 2

T

QT = —2A4-6 (3)\3 — 2) AsH,
— op, 4 LdBs
Fr = 2Bs+ = = o
. 23
(7 =)
(spatial higher derivative appears !!)
_Fs Hgk*
) C] - w? k2 + ——.
gs Gs a?
= — NA, + N2A2—|— ’\f2A3H
+3na (2A4 2NA4+3\2A2) H?
+3n5 (645 — 4N Af + N2A%) H3,
< e = %—27;4 (Ag - NAY) H
—3ns (245 — NA5) H?,
Ga = —2m3A4 — 6n5AsH,
Gp = 2(Bs+ NBj) - HNBg,
\ € = (1-X)As—(6+9X2— 15)3)AsH.

(na := (321 —1)/2, 15 :=(9A2 — 93 + 2)/2)

@ Even if Fs < 0 (with Gs > 0), the curvature perturbations
with large k are stabilized for Hs > 0.



Concrete example

Ay = MEF2OHD()ax(V), (om0
Az = M3 (2at+1) N Ly = As(t, NK,
3 3f2 (t)GB( )a di= Au(t. N) (A1K2 3 Kg) + Ba(t, N)R®,
Ay = —G 4 MRFR()ag(), | e vonnd 4 an)
2 ) +Bs(t, N)K" (Rgf) - %g,,;jR(?’)).
\A5 = Msf(t)as(N), (o> 0)
Background dynamics : £(%) = Na® (A, + 3A3H + 614 A4 H? + 6ns AsH?) .
—& = (NAy)' +3NALH + 6n3N?(N~1A4) H? + 6n5sN3(N245)'H3 = 0,
P = Ay -— 6T]4A4H2 — 12?75A5H3 — %% (A3 + 4ng AgH + 6?75A5H2) = 0.
. . . (" := d/dN)
® Genesis phase (t<t0): f(t) ~ fot (fo = const < 0)
N ~ Np (= const) with ax(Ng) + Noas(Ng) = O.
. D No —(2a+1) 1
H = -— : ~N———
=) < 2a+ DadiZ ol ()T
a = 1- P Ngf_za' = 4 3 fo
\ 4a(2a + 1)7;4M(% f02 ' (10 = M3za2(Ng) + (2a + 1)M3a3(NO)FO)

(The background dynamics for a =1 coincides with that of the original Genesis model.)



Concrete example 11

® Inflationary phase (tend>t >t0) : f(t) ~ f1 (= const)

- {N ~ Ninf (= const),

H ~ H;,s (= const).

_ —-& = (NmfAQ) + 3N|an3H|nf + 6774N|nf(Nmf A4) Hmf
with +67;5Nmf(Nmf As)' H e =0,
P = Ax—6maAsHps — 12n5A5Hip = 0.

N.B. A weak time dependence of f(t) yields slight deviation from exact DS.

tl/(cx—l—l)

® Gracefulexit (t >tend) : f(t) ~

If m > 4, gravitational
reheating can work.

N =~ Ne (= const),
- H? ~ 1/t°~ f_z(a_l_l) x 1/a™ (m := 3Neab/(Neas)' > O).

—& = (NeAz)' + 3naMZH? 4+ O(f~3+2)) =,

with
P = Ayt smMn? 4 ZBMGI | o p-Gata)y g

e



Perturbations

® Tensor perturbations :

£ =

® Curvature perturbations :
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(na := (321 —1)/2, 15 :=(9A2 — 93 + 2)/2)

@ Even if Fs < 0 (with Gs > 0), the curvature perturbations
with large k are stabilized for Hs > 0.



Numerical calculations

From Genesis to inflation :
{f ~In[2 cosh(st)]}
S

f(t)g{f'ot for t< to

f(t)=‘%0 + f1, f1 for t>>tg

fo=-10"1 f1 =10, s=2x103~¢5t o
R A A A R T\ 7 7&] Duringshort period,
ot ' +— Fs becomes negative.
= " 1 ¢ / But, the perturbations
] ] forlarge k are stabilized
oo 1 = 1 thankstothe k#terms.
ap T - | | | o :
I . 1 The perturbations for
. & . { small k grow during
5w { short period, but growth
“ { ismild and finite.
T S 7" ™ Thessituation is similar

to the transition from
FIG. 2: The background evolution of the Hubble parameter F[(3, 3; The sound speed squared Fs/Cs {(a) and the coeffi- . .
H (a) and the lapse function N (b) around the genesis-de gient of & (divided by Gs) (b) around the genesis-de Sitter Infl atlon to R D .

Sitter transition. transition.



Conclusions

® \\Ve constructed a concrete example from Galilean Genesis
to inflationary phase followed by graceful exit, based on the
recent development beyond the Horndeski theory.

® The sound velocities squared (or Fs) during transitions
from Genesis to inflation and from inflation to RD
become negative for a short period.

® But thanks to a non-trivial dispersion relation coming from
the fourth order derivative term in the quadratic action,
modes with higher k are completely stable and the growth of
perturbations with smaller k is finite and controllable.

® Our model can describe a Genesis scenario with graceful exit
(even without inflationary phase), in which no (first order)
primordial tensor perturbations are produced. The
detection or non-detection of primordial tensor perturbations
may discriminate Genesis scenarios with or without inflation.
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