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Motivation

® Horava-Lifshitz gravity (HL gravity) P.Horava (2009) [1]
e x' > bx',t — b%t : power-counting renormalizable (z = 3)

* higher curvature term in action — singularity avoidance

—> impose (original)

detailed balance condition

 restriction on action
—> relax (SVW)

@ Discussion in FLRW universe
v original : complete classification M. Minamitsuji (2009)[2]
v SVVW  : assumption of the e.o.s is not so clear

Analysis in SVW version without any no clear assumption



Preceding studies
€ S\/W version (with matter)

1. P.Wu and H. Yu (2009) [3]
unstable static solution —> expand, oscillation...
Emergent universe : singularity avoidance

2. E.J.Sonand W. Kim (2010) [4]
Inflation —> second accelerated expansion

& Equation of state in HL gravity : e.0.s may be changed

Praa X a-* — a~°:unknown running parameter

—> Analyze vacuum solution in SVW version



Horava-Lifshitz gravity

€ Anisotropic scaling

z = 3 . power-counting renormalizable

& SVW : most general form of potential term for z = 3
T. P. Sotiriou, M. Visser and S. Weinfurtner (2009)[5]

Yar, = 2A+ 1R + K2 (9-29)\2 + g:‘si’i; i’(i) + H-ngﬁi'jki’ij.ﬁvj i}({g
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restriction on g; : stability of flat background

g1<0, go>0, A1>1 ——> g; = —1 (time rescaling)
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Application to FLRW universe

& background : homogeneous and isotropic

‘ ‘ ‘ Ir
ds?> = —dt*> + a? (L +r sz>

1 — Kr?

Hamiltonian constraint : «? = (1/Mp;)? =1
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gr = 6(g3 + 392)K* , g = 12(995 + 396 + g7) K”

IfK #0, g5 9, # 0:discuss only a nonflat universe
®original :9.=0,9,<0

& SVW . g, g, are arbitrary

dr gs < 0 : corresponding to negative energy density



How to Classity

& Hamiltonian constraint

1.
—a*+U(a) =0, ula)

— K—=d%—
I\ _ | 1 a

2 3 302 3a?

scale factor : particle with zero energy in U(a)
—> possible range for scale factor: U(a) <0

solutions

stable static
unstable static

big bang — big crunch oscillation or
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Classification (A > 0,K = 1)

1. Big bang —> de Sitter

BB = BC

Bounce 92

‘Bounce
02l

Oscillation
Bounce

BB : big bang BC : big crunch
dS : de Sitter M : Milne
singularity is inevitable Ss : stable static Sy, : unstable static

Js =50r =5

Big bang to de Sitter phase



Classification (A > 0,K = 1)

2. bouncing universe

afe., T11(4)
BB = BC

Oscillation
Bounce

BB : big bang BC : big crunch
dS : de Sitter M : Milne
singularity avoidance Ss : stable static Sy : unstable static

gs=—-1,g,=—-1

Solution with minimum value a; : bouncing universe



Classification (A > 0,K = 1)

3. oscillation and bounce

afe., T11(4)
BB = BC

Bounce 92

‘Bounce
02l

Oscillation
Bounce

- ) ‘BB : bi - bi
§.=-0.01, §, =05 :bigbang B¢ : big crunch
S : de Sitter 9 : Milne

singularity avoidance Ss : stable static Sy : unstable static
oscillating solution + bouncing solution

gs < 0 : sufficient condition for singularity avoidance



Classification (A > 0,K = 1)

‘Bounce
02l

Oscillation
(a) K=1 Bounce

BB : big bang BC : big crunch
dS : de Sitter M : Milne
SIS RS NIERIVENVCICER - s : stable static S, : unstable static

§S=—5, gr=1

Initial value a = a; : bouncing universe



Toward a cyclic universe

€ How to escape to macroscopic universe.

1. K=1,A> 0: oscillation
2. quantum tunneling to a;
3. de Sitter phase

——> macroscopic universe

€ How to obtain cyclic universe.

1. Scalar field is responsible for inflation.
« Before tunneling : behave as cosmological constant
 After tunneling : slow-roll inflation—> reheating ( U(c0)>0)

2. upper bound and lower bound : cyclic universe
reheating negative “stiff matter”




Summary and future works

® Classification vacuum FLRW universe in SVW HL gravity
B Behavior of the universe is largely dependent on g;
sufficient condition for singularity avoidance : g; < 0
(oscillation, bounce)

& With matter : condition for singularity avoidance ?
9s 2 9s T Gstiffr Ir= 9Ir T 9radr  9d  YGdust

energy density of matter (> 0 )

€ future work
B discussion about stability of non-singular solution
* Inhomogeneity
 anisotropy : Bianchi type IX (in preparation)
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detailed balance condition

3k 2 AE, N K212 Ay & — (4X — 1)K2p?
2(3>\— ) T2 1) S(3) — 1)
o ;

R? +

,u

B Application to FLRW cosmology

31°

—— <0 for A>1/3
2(3)\_1)< o1 > 1/

gr — 6(93 + 392) —

gs = 12(9¢g5 + 396 + g7) K = 0.
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stability of flat background

B transverse traceless graviton

» stability InIRand UV : g; <0,g9>0

B |ongitudinal graviton

) wi = g1k* + (892 + 3g3)

M,

» ghost instability : % <A<l — A>1

 |nstability in IR : not always pathological

v'time scale
v'non-projectable version

k
+ (—8¢s + 399)

7
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e.o.s of radiation

B generalized Maxwell action

] N/g dt d°F [ ; I (Foi = N*Fy) (Foj — N*Fy;) — G[B]

1

a a _ kl _km
F/JJ/ — 0}(_&441/ - 01/14,“{’ 3 BZ — §€3Jkg g m Fl?-'n_

G|[B;] = a1B; B' + asg" J‘}IV B;ViB + agJ”JJmJM]V VBV iV, By,

B dispersion relation for electromagnetic field

6 kL B
“ar Tp T e ~

Mz—1 "

B depending on scale factor

n number density (-~
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