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By nature, scientific research does not pursue fundamental reasons.
Questions asking WHY... may not be scientific but philosophical.
We SHOULD NOT ask philosophical questions because Science must

be universal.



2 Having said that, however, once | have also thought
about “Why there exists dark energy or cosmological
constant A ?” and “What is the use of A?” when | was
asked to give a talk entitled “From Cosmos to Particles’
at a joint symposium of the Physical Society of Japan
in 2007. 22pZE-2
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From Cosmos To Particles
Univ. of Tokyo Jun’ichi Yokoyama
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| did so even if | knew they are not proper scientific questions,
because the dark energy problem is such a difficult problem, and

unconventional approach may be useful.



The Future of the Universe Dominated b

® N-body simulation of the future of the nearby Universe

. ] (Nagamine&Loeb 02)
» Evolution of LSS continues for 28Gyrs.

% Our local group will not be bound to the Virgo cluster.

¥* Qur galaxy is likely to merge with Andromeda galaxy
within Hubble time.

* This will be the only galaxy within the horizon
100Gyr later.




The Future of the Universe Dominated b

® Asymptotically De Sitter expansion

* Event horizon at 5.1Gpc.

* We cannot go to a galaxy with z>1.8. (Starobinsky 00)

* We may observe a galaxy at z=5 only for 6.4Gyr. (Loeb02)

* Protons may decay eventually. 7, > 10* yr
Dark matter will be diluted or may decay.

3

Black holes will evaporate. TBH(M)=1064(M£) yr

‘ de Sitter Universe with A=10-12'M ,*




A de Sitter universe can tunnel to another de Sitter space
with a larger A and smaller radius.
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A big universe
filled with tiny
dark energy

Quantum A small universe

Tunneling - fijled with large
inflaton energy




The universe can recycle itself to another universe with possibly
different properties.

We may not have to consider the real beginning of the universe.

This scenario prefers a pure cosmological constant/vacuum energy
with w = —1.

Later | found such a scenario had been studied by Garriga and Vilenkin
in 1998, almost ten years before | realized.

Radiation and Matter

Slow Roll

TV

FIG. 4. A false vacuum bubble (black) nucleating in true
vacuum (white). Regions of slow roll and of matter and radiation
domination surrounding the bubble are indicated.

FIG. 1. True vacuum bubbles (white) nucleating in false
vacuum (black). The shaded rings represent slow roll regions (ex-
ternal ring) and matter or radiation dominated regions (internal
ring).
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If the effective cosmological constant 1s nonzero, our observable universe may enter a stage of exponential
expansion. In such a case, regions of 1t may tunnel back to the false vacuum of an inflaton scalar field, and
inflation with a high expansion rate may resume i those regions. An “‘ideal’” eternal observer would then
witness an infinite succession of cycles from false vacuum to true, and back. Within each cycle, the entire
history of a hot universe would be replayed. If there were several minima of the inflaton potential, our ideal
observer would visit each one of these minima with a frequency which depends on the shape of the potential.
We generalize the formalism of stochastic inflation to analyze the global structure of the universe when this
““recycling’” process is taken into account. [S0556-2821(98)02904-X]

PACS number(s): 98.80.Hw, 98.80.Bp, 98.80.Cq

“1deal” eternal observer [would then witness an infinite succession
false vacuum to true, and back.

Asking Why type question 1s thus very dangerous.
We may have to stop being a scientist.

But which 1s better or worse, adopting anthropic
principle, or assuming an intelligent designer??




Such lines of thoughts may be poisonous on one hand
but very interestingon the other.
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about the beginning

3 An alternative idea ;e unverce

Despite the great advancements in precision observations such
as those conducted by WMAP, Planck etc., there is no single
observational result that is in contradiction with inflationary
cosmology even 35 years after its proposal.

Indeed inflation in the early universe answers to such questions as



Today 13.8Gyr

-_— -

Why is Our Universe Big, |

Old, and full of structures?
S

All of them are big

mysteries in the context of

evolving Universe.

Linfaion IS
-



Today 13.8Gyr

Rapid Accelerated Inflationary Expansion
in the early Universe can solve
The Horizon Problem
Why is our Universe Big?
The Flathess Problem
Why is our Universe OIld?
The Monopole/Relic Problem
Why is our Universe free from exotic relics?
The Origin-of-Structure Problem
Why is our Universe full of structures?
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Certainly NO. The initial singularity problem...

In order to achieve full understanding of the evolution of the
Universe, we need to clarify what was there before inflation.

How did our Universe begin ?

Recycling? but if inflation lasts long enough, the beginning of inflation
cannot be observed.

A more observationally relevant question:

Is inflation falsifiable?

- ow W wr W



Here, | would first like to considerthe second question

-,

Is inflation falsifiable?

o w wr

and then approach the first one

How did our Universe begin ?

apart from the case of recyclinguniverse.



It is often
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Primordial tilt () n

Tensor perturbation and its spectral index in standard inflation

._ 2H’ dne, (k) I3
(h, " (k)) = @, (k) A " amk 2ey =2

It is often claimed that positive 71, would falsify inflation.

But this is based on a prejudice that both energy density and the Hubble parameter
decrease in time in expanding universe.



p=-3H(p+p). B=-47G(p+p)

,é S O in the expanding universe provided P P Z O

Null energy condition (NEC)

Tuyg'ufy 2 9 for any null vector &
(g "E” = 0)

For perfect fluid Tuv = (p + p) vty — Guuvp

the null energy condition is equivalent with /) —I- D 2 O

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



How robust is the NEC ?

® Canonical scalar field with a potential:
2 0S5

1, T
L=—2g"0up0d —V(9). = f Ly-gd'x  Tw=— N

1., .5
po= 50"t VI(9) p+p=o¢>0.
' {p = %qéﬁ—vw) - : L

(NEC is satisfied)

® Noncanonical scalar field such as those used in K-inflation

1
L= K(¢7 X)v X = _Egﬂuaﬂgbal/(b'

T, =K, V.¢V¢-Kg, T = (p+p)upuy — guvp

0K V ¢
KX = u = B
0X “V2X

If Kx < 0, it violates the NEC. But...



Curvature perturbations in K-inflation

/d‘*zf [M;’R+A (X, o)]

ds® = —N?dt? + hyj(da’ + N'dt)(da? + N7dt),  hij = (LQ(t)ezg’dij,

Curvature perturbation gsatisfies the following action

2 :
0
So = Z\[IQ),/chfclgraf3 [;2 —&, ( g) ] | _ H

E =
2 H 2
a H

MY = XKy +2X*Kxx

If = —4JZG(,0 + p) > (0 and €yis negative, the square sound speed
is negative and small scale perturbations grows rapidly, causing
gradient instability.

K-inflation violating the NEC
suffers from gradient instability



Indeed in all potential-driven
inflation and viable K-inflation,
the NEC is satisfied and the
Hubble parameter decreases
with time.

n < O inthese models

n, > 0 would falsify these models.



The story is differentin theories with higher derivative
action but with 2"? order field equations.

L gb — K(¢) X) o G(¢) X) Cb X = _%guuaﬂ¢aV¢'
S = / d*ey/—g [‘\f’lﬁ -~ z:d,]

Energy density and Pressure

p=2KyX — K+ 3GyHd> —2G,X
p=K—-2(Gy4 + Gyd)X

Inflationary solution can easily be found in a similar way as K-inflation



Crucial differencein the action of curvature perturbation

/e 1 . 2 ac
O —— 1rd3. 22 [ "2 _ ¢ (V ] 1= . ,
2 /‘ Pz |gs” - F(Vs) CH =Gy 2M]
.. : Gg( ) . ; G%( 2
F = Ky +2Gx($ +2H) = 2-5-X G := Ky + 2XKyx + 6GxH$ + 65 X7
pl pl
+2GxxX b — 2(Gy — XGyy), —2(Gy + XGyx) + 6GxxHX P,

The sound speed 2 = F/G can be positive
even if the NECis violated.

\\ i ' Inflation with B> 0 is possible

<0
|| Enddf infltion without instabilities.
e L .
B n_may be positive in G inflation.
/mayt'naryH




If inflation with H > 0 is possible,
the universe may start from a low energy,
asymptotically Minkowski space,
so that the initial singularity problem
of inflationary cosmology may be solved...

4a) Assignment to Hazumi-san

Try to observe a positive tensor spectral index,

n >0



If inflation with H > 0 is possible,
the universe may start from a low energy,
asymptotically Minkowski space,
so that the initial singularity problem
of inflationary cosmology may be solved...

Construction of such a model had been our objective
ever since we proposed G inflation,

but we had not been successful for a long time;
meanwhile a number of relevant work was done

by a number of authors...



Galilean Genesis

s= [dy=g | SME R+ 7 (99) + 3<a¢>2 06+ 2 <¢>4

1, =— L = (p+p)uyu
HV \/7 (S!]“‘U MV /J/ 14 g/‘l'l/p
; 3 :
P= f2 (€2¢¢2 2/{3¢ /{3¢3> j

_ (22 1F 4 j;2~
p o= =2 (2997 - Lt 4 2250%).

Based on Galileon: higher derivative theories with Galilean invariance
Oup — Oud + b, whose field equations are 2" order.

Its extension to curved spacetime yields Generalized Galileon or
Horndeski theory, again with 2"9 order field equations.

(Deffayet, Gao, Steer, Zahariade, 2011)
(Horndeski, 1974) (Kobayashi, Yamaguchi & JY 2011)



Background solutionfrom # — —©

The Hubble parameter increases in time with NEC violation

2 4

_/\3(—15)4 < 0.

p+p

There is no instability, since the action for the curvature perturbation
£ reads

(2)=l 3.3 _& 2
S, 2fdtd xa [QSQ& " (V&) },

with A3
Gs = Fs =~ 6Méf—3(—t)2 > 0.

(But the spectrum of curvature perturbation is blue, 7, =3))



But this model|breaks down|before turning into radiation dominated

regime.
N

Minkowski  Genesis |Reheating Radiation dom
c Y N g

=)

The scale factor would diverge

in a finite time just like the bigrip
singularity in dark energy models
with w < -1.

a(t) m
a=1 ‘/

Difficult to realize genesis-big-bang transition
in a sensible manner without any instabilities.



Our study on inflation starting from Minkowski space was preceded
by Pirtskhalva et al 1410.0882
but their model yields a negative square sound speed temporarily,
which must be avoided even for a tiny period because short wave
perturbations grows exponentially.

Im(cs)kt

X €

We have finally succeeded in constructing a model to realize
Genesis-Inflation-Big Bang transition without any instabilities,
making use of the Beyond-Horndeski Theories .

I (Kobayashi, Yamaguchi & JY 2015)
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Our study on inflation starting from Minkowski space was preceded
by Pirtskhalva et al 1410.0882
but their model yields a negative square sound speed temporarily,
which must be avoided even for a tiny period because short wave
perturbations grows exponentially.

Im(cs)kt
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We have finally succeeded in constructing a model to realize
Genesis-Inflation-Big Bang transition without any instabilities,
making use of the Beyond-Horndeski Theories .

Beyond-Horndeski Theory
Horndeski theory or Generalized Galileon gives 2"? order field

equations both in time and spatial coordinates, but in order to avoid

instabilities, we only need field equations 2" order in time,
not necessarily in space.



From Horndeski theory

LQ — K(QbX)

L3 = —G3(Q5,X)|:|([5,
Lo = Ga($,X)R+ CGax [(0)° = (VuVud)?],
Ls = G5(¢. X)Gu/VHVY g

—%G&x (06)% = 3(06) (VuVud)? + 2(V, V).
Apply the ADM decomposition taking @ =const surface as ¢ =const surface
ds? = —N2dt® + v;; (da’ + N'dt) (da? + N7dt)

Then ¢=¢(t), X = Q’;—](\? so that functions of (¢, X)can be regarded as those

of (¢,N) provided V' does not vanish.
In this representation, the Horndeski theory reads

L=\/;N2La &}\/nl = ()

Ly = Az(:, N), (t’ N) = (¢’ X)

Lz = As(t, N)K, . ;

Ly = Ag(t,N) (K2 — K3) + Ba(t, N)R®), with Az = —Bs - N%* As = %%

Ls = As(t,N) (K3 — 3KKZ + 2K7) + Bs(t, N)K" (R§f> - %gin@)) .



Geometrical expressionof the Beyond Horndeski theory

L= \/;NZ L, Rf) : spatial curvature
L (97 -
Ly = Ax(t, N), K, = vl -D,N,-D N, | :extrinsic curvature

Ly = A3(t, N)K,
Ls = Ag(t,N) (K2 — KZ) + Ba(t, N)YRG),

Ls = As(t,N) (K3 = 3K K2 4+ 2K3) + Bs(t. N) K (Rgf) _ %gin(?’)) |

In terms of a vector 7, normal to the ¢ = const surface, n,= “ax
the extrinsic curvature can be expressed as

V.V nnn’V X
K, =—VT)’;¢+nﬂanpnv+nvanpnﬂ+ - V2X £
1 VPV X e :
SO K=—-—— V\¢— £ etc. reproduces derivative interactions
NV2X 2X

of ¢ in (Beyond) Horndeski theory.



L= \/;NZ L, Ri](?') : spatial curvature

Lo = A>(t,N), K .. -extrinsic curvature
Ij

Lz = A3(t,N)K,

La = A4(t,N) (K2 - KZQJ) + Ba(t, N)R®,

Ls = As(t, N) (K = 3KK7 + 2K) + Bs(t, N) K" (RZ.]?’) - lgin(?’)) .

2
In fact, this theory yields field equations 2" order in time even without the relations
0B N OB
A4:—B4—N—4q A5:_75
ON 6 ON

Further generalization is also possible.
L=+yN [a’o +d R® +d, (R(3) )2 +L +(a,+a,RY +L )K

+(a2R(3)’7 +L )Kij +bK* +b,K K" +L ]

The Hamiltonian analysis of these theories shows that they have three propagating modes
as they should.



Our setu
L= ANY Lq P
(Lo = Ax(t,N),
Lz = Az(t,N)K,
y Ls = Aq(t,N) (\ K2 — K3) + Ba(t, N)R®®),
Ls = As(t, N) (>\2K3 — 3\3KKZ + QK%)

- 3 1
. +Bs(t, N)K"Y (Rz(] ) _ ngR(g’)) .
( The GLPV theory corresponds to the case withA1=A2=A3=1.)

Homogeneous and isotropic part
ds? = —N2(H\dt’ 2 (A =i‘_& ng = (3A\1 —1)/2
> () +a()x H N a = (9/\2—9)\3+2)/2
L9 = Na® (Ay + 3A3H + 6y AyH? + 6ns As H®)

‘ Field equations

—g = (;\‘Tflg), -+ 3*\1':1/3H —+ 6‘7}4*NT2(4\'T_1444),H2 —|—67]51\’T3(;\'T_2}15),H3 = 0

. 1 d
7‘7 = flg — 67]4;4.4]‘]2 — 127}5}15H3 —TE (:13 + 47]4444[‘[ -+ 6]]5:15H2) — O




Some remarks

In the standard cosmology with  ds*> = -N?(t)dt* + a* (¢)dx*, N(t) =1
00 component of the Einstein equation yields the Friedman equation
1€

H* =— (1)
3 P
and j j component yields 2"? order evolution equation
& H’

—+—=-472Gp (2
a 2

Matter field equation is given from the conservation law of the
energy momentum tensor.

B+3H(p+p)=0 o S3HHHV[p]=0 (3)

As is well known, only two of the three are independent.
We usually solve (1) and (3),
but here we are using equations corresponding to (1) and (2) instead.



Perturbations

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

N = N(t) (1 + 577’) ? curvature perturbations

N; = N(t)az'Xv/ tensor perturbations

Yij = a2(t)€2< (eh ij . (hz'z' = hij; = 0)

® Tensor perturbations :

N3
(2) _ Na~ (9130 7.0 (2
£r7 = —g~ 2" — 5z (Ohij)
Or = —2A4—6(3)\3—2)A5H,
1dB

N dt



® Curvature perturbations :

22 2 4
(2) _ 7.3 ¢ 0 0 2 . .
‘CS — Na [gSNQ + ¢ (}“Saz — ”Hsa_4 ¢ 0~ : Laplacian in the Cartesian

higher order spatial derivative

coordinate
‘ Dispersion relation
F Hok*
w2 =8 k2 4 e > = NA,+ 1N2A’2’ + §N2A’3'H
Us Gg a? 2 T2
+3n4 (2A4 —2NA) + NQAQ{) a2
B ¢ +3ns (645 — 4N AL + N2AL) HC,
s ‘= —> + 397, —
@<+ >C . NA3 4/
@ . — —2774 (A4—NA4)H
ks 1 d (a@ngT) - 2 ,
= — — , _ —_ NA
o Nadt \@2 4+ 3¢ g 315 (245 — N A5 ) H?,
2o Ga = —2n444 —6n5A5H,
95 Ey gy
He = o2+ 3¢ Gp = 2(B4+NB4)—HN35,
C = (1 —)\1)144— (6—|—9>\2— 15/\3)A5H.

Ny 1= (3)\1 — 1)/2j N5 = (9)\2 — 9\ + 2)/2



® Curvature perturbations :

higher order spatial derivative

£(2) Na3 [Q é2 + ¢ (]—“ 92 H o g] 0 : Laplacian in the Cartesian
— a S’_— 5’— — S— .
° N2 a? a4 coordinate
Dispersion relation 5
Gy = ——IT_ 4 3g
wz p— ]{;2 S OF: ZZI_ ZC@ 1
1
.7‘—5 — = (a ngT) —]:T,
Nadt \@®2 4+ ¥C
G&C
CS2 may take a negative He = o2 i sC
value temporarily.
C = (1 —Al)A4— (6—|—9>\2— 15>\3)A5H.

If this higher-order term is always positive, namely, # /G, >0,
higher wavenumber modes do not grow anomalously even when
the square sound velocity ¢’ =, /g, takes a negative value.

If A=4=A4=1, wefindC=%H, =0, so GLPV theory does not work.



Specific Example

Ay = *,?\[54]6—2(@4‘1)(12(*,\.-*). aq,(N') dimensionless function of N

Ag = ﬂ[g’f_(zaﬂ)ag(ﬁr). M, mass scales (later identified with
172 the reduced Planck mass)

A, — ~Pl A 72

Ay = — 9 + M Mpy reduced Planck scale (o> 0)

J'_:'\ ' “ ;3.3_[ 1:2)1 .
' = ., Bs =0 affectonly on perturbations.

[ = f(f) is a function of time. It is NOT a dynamical variable.

Determination of its functional form is part of the definition of the model.
(t,N) == (¢,X)

(D Genesis phase (start expansion from Minkowski space)

f o fot (fO:const<0) -0 —=f<t, f>1
@) Inflation
f=fi=const t 2ty untl t.g

3 Graceful exit and reheating
f ~ tl/(CH'l) after sufficient inflation ¢ 2 tend



(D Genesis phase (start expansion from Minkowski space)

—& = M3f2@t)(Nay) + O(f4272) =0,

m) N is a constant N, satisfying a2(Ng) + Noah(Ng) =0

Ina M2, dH R
‘ 747 Pl +f 2(a+1)p— O with p — \[2(12(\ ) (2(}—{—1)1\[3(13(\ )fO
1\‘0 dlL \0
Solution

p No (2a+1) _ 1 /
H =
2(20 + 1)y \[1?,1 |f0| f (—t)2atl

A AT 2
a = 1— - P *\.O 2, /
do(2c0 + 1)7]4ﬂ[F2,1 fg




(2 Inflation
f=fi =const N = Nijnf = const H = Hiys = const

They SatiSfy —& = ( "'\'Tinf '42), =+ 3 "'\'Tinf ’1/ Hlnf + 6774*\ mf( \T_lAél),Hmf

inf

+6775 \111f(\r_2f15)/H1nf 0,

inf
P = Ay — 6774A4Hinf — 12775A5H§’1f = 0.
3 Graceful exit
Assuming f ~ $l/(at1) 5
we find N = N, = const and H? ~ 1/t? ~ f2latl) o A4,
satisfying
—& = (N As) + 3 MZH? + O(f~ Gty =0, = (Neaz) <0

24 M2, dH

O —(3a+2) — ().
Ne dt +O(f )

P = Ao+ 3naM3H? +

We flnd 1 3N, (lv/
H? x —, = - ¢ 2 m >0 & (1.’2 < 0
a™ (Neas)’




(3-2 Reheating

In our setup the scalar field may not oscillate because Q§may not vanish.

The Universe can be reheated through gravitational particle production due to the
change of the cosmic expansion law from exponential to power-law.

1 3Near
H? x —, m:= —2,
a™ (Neas2)

For this mechanism to operate m must be significantly larger than 4 so that
the scalar field dissipates its energy sufficiently rapidly compared with radiation.

9 1
pr = o Hyyg 1= 32 (ﬂ) (m =)

1 1
32 In (HAI‘) : (m=4)

o1 —

1 D)

—

1
30 4 o % m—4 Hin £ m—4
Tpr = Hil
K (71‘2(*> ( 3 ) (J[p]) nf




,Cg?) — Na> [

62
Gs=os +

(D Genesis phase

gT ~ *\[l%l

O ~

Us ~

Fs

\[3

N3
Y~ 5

(

—3 =@t Nyah + naME H.

Perturbations

G5 = T 43
52 5% S T @24 3¢ T
sz~ Hs 76 1 d /a®GpGr
FS . — — ( 2 )_FT7
Nadt \©2 4+ 3¢C
G3C
Hy 1= .
o @2+ 3¢

—2 fm2etD) (N2ah)',

Positivity of coefficients require

2 /1
| M2 Ar> 1 (Ngaz) >0
fT — 3:\[1:2)1 C ~ ‘)Pl ()\1 — ]_) ( )
G2 G2 Most importantly, a3(/N )may not
CT +3Gr. Hg ~ ; vanish just as in original G-inflation.
Mias + (20 +1)M3(fo/No)(Noaz) 1
25Me, (2)0 %(— 11)()\1 )— 1) 604/( N 2((12)0(3) 2 3 2 k2 k (3a+4)/(a+2)
const. (58) |<h| Gs (A*)

Blue spectrum



@ Inflation

gr. Fr. Gs. Fs. and Hg are time-independent.

PT — 8 g’ll—’/Q Hi2nf
f;/Q 47‘(’2
HZ, 1 :
P = ot F(e) = 2e/2c™/4 | (5/4 — iz /4)

~ 2Gsc? F(c2/e) R

2,
R e I

dr2 T2

w2 = ch:Q e A

2 = Fs/Gs and € := Hian;/Q/g;/Q

2
—7e? /8eTx/ iek2r2
€ /81 z'cg/4e,3/4(_l'd‘" )

(—2ek27)1/2

Ul =



@) Graceful exit

—A1 +1+0m/2

AN —1+7¢
A1 —1 _ 4 (Nea )'
g ~ A[Q - (= —— ell?2
i PN — 1+ 3 (N2dh)
He ~ ;’32;\[];2,1 A — 1 4

If {m > 2(A\; — 1) all the coefficients are positive.



Choice of the functions n,-1

1 1+5A%2Ng A2 N§ Y A = 0.05
NZT T3 Nd TS Ne N3’ v =10
B=1

Genesis de Sitter transition fo = —1071, f; = 10, and s = 2 x 1073
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From inflation to graceful exit
v In (2 cosh(s’t 1/(a+1) (The origin of time has been
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Our model works and realize transitions from Genesis

to Inflation and then to Radiation domination without
any instabilities.

H

A

Inflation (quasi de Sitter)

/ Radiation dominant
Genesis
_/

>t

A similar mechanism may apply for dark energy to realize
w < -1 without phantom menace or big-rip singularity.

NB Galileonlike dark energy was first studied by

with the title kinetic gravity braiding.
Their paper appeared in arXiv only 1 day before our G inflation paper.



If we apply our Beyond-Horndeski model of inflation to dark energy
we may find w < -1 without any instabilities,

H

A

Dark W_ Radiation dominant

and the second generation of radiation dominated universe may
follow after dark energy domination.

Unlike Garriga-Vilenkin type recycling universe, this universe keeps
some memories of the previous generation (=our universe).

v
=~




4b) Assignment to Takada-san
and Miyazaki-san

Try to find w< —1!
or more proper statement would be

DO NOT get embarrassed even if you found

w< -1



4c) Assignment to myself






4c) Assignment to myself

Nevertheless, | would bet 1, < 0 and w=—1.
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