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v' Inflation & BIG BANG Cosmology

w= —1

“Iinitial condition” of the Universe
(flatness, horizon problem, monopole, ...)
Seed of LSS by quantum fluctuations

BIG BANG Nucleosynthesis
Cosmic Microwave Background

v" BIG BANG Singularity

Initial singularity must be appeared at finite past in the Standard Cosmology

To avoid singularity : Violation of null energy condition (NEC) inflation cannott e

p+p= (1 + w)p <0 singularity problem
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v" Singularity-free background solution based on Horava-Lifshitz (HL) Theory

[Brandenberger 2009 / Maeda, Misonoh, Kobayashi 2010 / Misonoh, Maeda, Kobayashi 2011]

_ Null energy condition is effectively violated by quantum correction of gravity

(Spatiallv curved BG ‘\

work as effective

Singularity is avoided

bounce by bouncing universe

“dark radiation” & “dark stiff matter”

_ p<0 y

pre-inflation

Our Motivation

 To investigate the stability of singularity-free bouncing
solutions in non-flat FLRW BG based on HL theory
\ e (Can we obtain further information about bouncing solution ? y
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Horava-Lifshitz Theory [Horava 2009]

v’ Lorentz violated gravitational theory

Lifshitz scaling = — b 'z, t— b ~t - [z]=-1, [

2 _ A :
v (Power counting) Renormalizable theory [k°] = 2z —3 sravitational coupling

* 2nd power of time derivative : No Ostrogradski instabilities

zZ =13
e 6th power of spatial derivative : Reduce UV divergence

1
) 5= [ dtd®zN/7 [K:ZJK:” MC2 — 27 + R 4+ O(R?) + O(R?)

! = const ADM fO rm

ds® = —N?dt? + v;;(dx’ + N'dt)(dz? + N7 dt)

extrinsic curvature 3d Ricci tensor
1 2
]Cij ON [at%,j QV(’LNJ)] Rij ~ (18
~ Oy
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{proiectable) Horava-Lifshitz Theory [Hofava 2009 / Sotiriou, Visser, Weinfurtner 2009]

E
/S = mé/\/ /dtd?’g; (ﬁK L ﬁp) N = N(t) projectability condition \

Lici= N7 (KK = M) Lp = =Ny/A|Vact +mzi Vacs +mpy Vo]
szl =2A—R

V.os i= goR* + s R R,

szg = R+ gsRR R, + g6 R\ R, R + 7RV R + ggvmjkvi'}zy

v’ Projectable HL Theory is renormalizable [Barvinsky, et. al. 2016]
 All kind of UV divergence can be canceled with finite counter terms

e Running coupling constants (4, A\, g,,) are determined via f-functions

— The values of coupling constants might be calculated in near future

COSMO 17

Mitsuhiro FUKUSHIMA 2017.8.30 5



[Brandenberger 2009 / Maeda, Misonoh, Kobayashi 2010 / Misonoh, Maeda, Kobayashi 2011]

v" FLRW background spatial curvature
X (K =0) flat
ds® = —dt* + a*(t) [d}(z + £2(x)(d6? + sin® Qd(bz)] f(x) =(siny (K=1) closed
—

sinhy (K =-1) open

scale factor

Friedmann equation (mry =1)

. % o KQ‘ K‘% gr := 6(392 —+ gg)
H2 A_g_z_l_g'r 4;+:gs 6:
3(3A— 1) N gs = 12(994 + 395 + go)
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Bouncing solutions in HL Theory
[Brandenberger 2009 / Maeda, Misonoh, Kobayashi 2010 / Misonoh, Maeda, Kobayashi 2011]

(- . _
V.= _2A ....... R ..................... L p::—Nﬁ[ — 1+mLVVz 2+mLVV _3

........................................ ed
\v _g = g4R +g57z7v 72,3 + g6 R R RE A+ g7RVPR + gs ViR VIR n

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

Friedmann equation

radiation
. P . ..... KQ‘ .K% gr := 6(3g2 —+ 93)
H? = e | A — 3 +ig,—r 10,
VRS a® @i i e’ gy :=12(994 + 395 + g6)

“stiff matter”
l NEC is violated by higher curvature terms

in non-flat FLRW background o
1 g
§C'L2—|-Z/[(a,)=0 ——— U(a) <0 s
............. e =
1 A : K2 K?3: Q -
U = — —a? K:i— r E— Sag A T (i
(0’») 3\ —1 30’ + g 30}2;' g 3a4] (/\ > 1/3) 2 | (i) contract
' . ' o0 0.5 b(]:.(]‘CLle fE{;t(); (2(:) 25 30
BG dynamics is determined only by (K, A, g,, g.) : degenerated
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Perturbation analysis around non-flat FLRW BG

v" Perturbed ADM variables
N=N+a N; = B Yij = Yij T Mg

Expand them with 10 types of (pseudo-)spherical harmonics basis
[Lifshitz, Khalatnikov 1963 / Sandberg 1978 / Tomita 1982]

J.Scalartype vectortype ... ... tensor type

Y = {Q , Qi QZJ aP’lj ok S(o)z ) S(e)z ) S(O)Zj 35(6)23 ?'G(O)Zj ) G(e)zg
....... l............................................................................................. n > 1’ 0 < l < n A 1’ 0 < |m| S l
: a(aca ar) _ Ct’(t) :
g (scalar) olnsim) (n:lm) i .
: B, =Y [-'3(@) (1) Q™™ (x.0, w)} :  gauge fixing
= .l m :
RS = 37 a2 [nlgi™ (0 Q5™ (x. 0, 0) + hga(t) P ™ (x,0,0) i &, Py, f(ss0)5 U(5e)
C T
‘.vpcm ................. X nm ......... nm ................... nmnm:" constraint equatiOn
P = Y o _-H((S,f;) (t )5((0 (X, 0,0) + r’)Esif:.) (1) S )(Xafg"mﬁ)_
: 7l .
: (vector) 2 | 5 (rslim) nlm) (rzlm) (r;lm) - i B(Q) : /6(8,0) ’ /8(8’6)
h‘,- ' u Z e !(s w0) (t) S(O)U (X; ) + h(s() (t) S({gj‘gj (x, 0, 9’9)] .
::'.-.'.-.'.-.'.-.'.-.'.-.'.-.'.::1'.":!-".?3.".'.'.-.'.'.'.'.'.'.'.'.'.'.-.'.-.'.-.'.-.'.-.'.-.'.-.'.-.'.-.'.-.'.-.-.-.'.-.'.-.-.-.'.-.'.-.'.-.'.-.'.-.'.-.'.-.'.-.'.-.'.-.'.-.'.-.'.-.'.-.'.-.-.-.'.-.'.’.: rema inin g mo d es
= 4 (tensor) __ o [, (n:lm) (r;lm) [n ?m) (n:lm) "
s h, = a‘ |him ' (1) G (X 0,¢)+ h,, (?‘) G (X 0.0) :
P n% | (Gho) (0)ij (C (e)ij o h,(Q), h,(G;O), h’(G;e)
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DY P P T . ea . ma mmvAR e remainingmodes

h@)» Pr(cio)s Paie)
v Quadratic HL action in non-flat FLRW (scalar part)

3 -
6(2)£(3) = Z % []—"(Q)h%@ — Q(Q)h%@ eigenvalue of harmonics n > 1

R n>—1,neR forK=0

£ . 23X 1)(” ~ 3K) v :={n?-1,neN forK =1
(@ "= (X _1)2 + 2K] n?+1,neR forK=-1

2 2
G(@) = —35 (V" = 3K) + 5o (V° = 3K)[29,(20° — 3K) + 3951°]
2
+ @(1/2 — 3K) [gsK(4V2 —9K) +2(3g5 + 396 — 4g7)K1/2 + (—8g7 + 398)7/2(37/2 — 10K)]

v Quadratic HL action in non-flat FLRW (tensor part)

3
21 a5 2 2
6 LM =) E[f EUte) —Q(G)’%G)} - h(Gio)s P(ase)
n,l,m

]:(G) =

v? V2 2 v 2 2 2/ 2
Ga) = = + @[— 29, K + 3g3v ] + E[—QSK + 6(g5 + g6) Kv* + gsv*(v° — 2K)
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CLB 2
O L = Z ?{fhz —ghz] s [ F>0 ] ghost avoidance

n,l,m

. Tensor mode

v i={n?—1,neN forK =1 n>1
ll. Scalar mode n*+1,neR forK=-1
. 2(3X — 1)(v? — 3K)
@7 3[(A = 1)12 + 2K]
(a) flatcase K =0 (b) closed case K =1 (c) opencase K = —1
>
A>1 ) n>3 A> 2
e n = 1:correspond to shift of scale factor a(t) — a(t) + da(t)
e n = 2:automatically vanish ]—"(%;m) =0
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Tachyon modes avoidance (tensor mode

CL3 g
O L = Z ?[}-hz - ghz] > [ G>0 ] tachyon avoidance

n,l,m

Tensor mode

V2 2 2

= — + - 1 [_ 29-K + 393”2} + % [ — gsK? 4 6(g5 + go) Kv* + ggv®(v? — 2

3a




: | .
Tachyon modes avoidance (tensor mode) , ]
R oosp .. Bl ]
(Gr, gs) plane = ool » . ‘
> ~ 2 ! [ @ " Gmax ','&I?(,' ar "‘f]'/‘ ar ]
[ G20 ] gr ‘= g’r’K (A/S) s | :
~ 5 or ]
= gs K2 (A/3 |
I. Tensor mOde gs gs ( / ) _0'10;)‘3‘ TTo4 o5 06 07 o8 o0 ‘1‘c;
| | | scaie facto.r (a) | | |
22 - Jep—— , P2 [ g B
§@) 1= o3 * g1 | . 20K+ 3900 | + S5 [ 92K+ 6005 + 90)K® + g8 = 26)
< N\
A>O o o preferred area
0_5: g : : : : i 0.10 (= . L —
04 ; — . :gs
0.3] (] o\ F ] 0.05 -
r Bic() | Bl
02/ - ] I Be gr/
ol BWGH) £ BELG) Bl = e 4 |
00- v i ¢ ‘ AN s i Bl (i)
, i A ] -0.05 - BHUGE) | 2
o1l BUGEH) B (i) . BUG) 7
- L f L L ; L 1 ] L P P P I R I T I TS S N
0'30.5 0.0 0.5 1.0 1.5 _0'191.0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4
preferred area mmm=) The bouncing solutions in open FLRW spacetime tend to be unstable
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Tachyon modes avoidance (scalar mode)

Il.  Scalar mode [ G20 ]
2 2
GQ) —@(VZ—SK)—I— - (v° — 3K) [29,{21} — 3K) + 3g3v ]
I 92?(1/2 — 3K)|gs K (40 — 9K) 4 2(3g5 + 396 — 497) Kv* + (—8g7 + 3gs)v*(3v° — 10K)]
—>—3%(v23K) (IR limit)
V0
( . E‘:""."‘E \
Vet 1= QAR ................... Lp:= —N\/_[ il Ar mLVVz 2 + mLVVZ 3

— In IR region, scalar perturbation modes have negative sign of mass

Tachyon instability ? — check dynamics
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E\]qujt:cn f\/‘ en-\‘lﬂv no vk Ivl\‘\":l\‘H

3
s) _ a ;2 2
bl = Y S| Fohly —Gahiy

n,l,m

v Equation of motion for scalar perturbation

""""""""" squared effective mass M(Q) g(Q)
h(Q) S ?)Hh(Q) + M(Q)h(Q) =0 F Q)
(i) Contracting phase (H < 0) ~ftor bounce (ii) Expanding phase (H > 0)
Hubble acceleration Hubble friction
v’ Stabilizati diti s ——— 3— ro 1o K
Stabilization condition = 3@ 1) gr—T T 955 33N — 1)
(i) Contracting phase : |M?/H?| > 1
(ii) Expanding phase : |M2/H2| S1 o T ,, ]
M2 < 0 ()\ 1) 2 2K 1 ~\\\\%\‘ 1-;------\- ---------------------- -':: -------- H
—1)ve + _ 1 /_'\.‘
Mig) — D1 2 = P —
' Positive cosmological constant A is necessary in _1:“"-: ------ : -_-___:-_--_;----__]; ----- .-
order to stabilize scalar perturbation in IR region scale factor (a)
Mitsuhiro FUKUSHIMA COSMO 17 14

2017.8.30



Bouncing radius

Example of stable bouncing solution i
type | K A A g2 g3 N s 96 g7 g | 9r s arp Aerit
: 29 7 1 1
(1] 1 1 1 = 1 — —_ 1 -1 1 _ 1 1.744  4.699
e t 90 108 2 5
v’ Effective mass to Hubble ratio .
M =0
tensor perturbation scalar perturbation
I : — ) = 3 | 10”:— 1 — .,*M2 :} O _
: n =10 i I 1
| L I
[ - ] }
i 055 mTf | ]
: {"I@ ; ]
| 13 i
| 1 .:.
.:. | 10 il : N
| | -
I, R P , il \ e , e 10—13: : 1 . . T . P
1 ar  Qerit 10 100 1000 1 AT Qerit 10 100 1000
scale factor (a) scale factor (a)

Tachyonic instabilities are avoided
All perturbation modes satisfy the stabilization condition
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Discussion : non-projectable HL case

N = N(t) — N = N(t, :17?) remove “projectability condition”

2 10‘4; —_— 2
S = m§V /dtdg.’l;' (ﬁK +Lp+ ﬁNp) 2 @ V2_2
el v-=10
I — 12=10?
Lnp = N\@ (QH(I)?:(I)') P oo EA 100 - — ¥*=10°
. 2 g
N L
(I)z' = v?;th § 10° -
100; i
scalar perturbation is changed 1. E
a
T scale factor (a)
202 (v? — 3K) (2—<¢)(A=1)v? —2K(c+ 31— 3) w _
9(Q) N 33 X O — 1) oK@ o2 5 12kz| ©an be positive in IR region
A=0 0<es<2

Cosmological constant is not necessary for stable solutions in non-projectable HL theory
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v' We investigated the of bouncing universe in non-flat FLRW background
based on projectable Horava-Lifshitz theory which was shown as renormalizable
gravitational theory

Ghost modes avoidance (scalar perturbation)

A > 1 for closed universe A > 2 for open universe

Tachyon modes avoidance

 Tensor perturbation
The bouncing solutions in FLRW universe tend to be
e Scalar perturbation

In IR region, the squared effective of scalar perturbation must be

|:> is necessary to strong

for avoiding tachyon instability
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