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Excuse

ÅThere are several points that I 
cnmŝs tmcdqrs`mc+ rshkk !

ÅBut, what I can say is what I 
can do !



0. Outline

1. Horava gravity  and its IR 
modification

2. FRW cosmology in IR modified 
Horava gravity

3. Comparison with observational data

4. Open problems



1. Motivation of IR modification
of Horava gravity

Horava gravity ~ Einstein gravity (with a 
deformation parameter    ) 

+ non -covariant deformations with higher 
spatial derivatives (up to 6 orders) 

* Śdetailed balance ś hm sgd bndeehbhdmsr '5
constant parameters:                    )

Cf. In Einstein gravity, we have 3 fundamental 
constants



Detailed balance condition:
ÅWe need (foliation preserving Diff 

invariant) potential term having 6th

order spatial derivatives at most 
(power -counting renormalizable with 
z=3 ) :

ÅThere are large numbers of possible 
terms, which are invariant by 
sgdlrdkudr+ khjd Œ   



ÅŒ+ khjd

ÅBut there are too many couplings for 
explicit computations, though some of 
them may be constrained by the 
stability and unitarity .  We need some 
pragmatic way of reducing in a reliable 
manner.



ÅHorava required the potential to be of

by demanding

for some action      and         the inverse of 
De Witt metric 

Å There is a similar method in non -equilibrium 
critical phenomena .



ÅW is 3-dim ensional Euclidean action.

ÅFirst, we may consider Einstein -Hilbert 
action, 

then, this gives 3ŝsg-derivative order 
potential

ÅSo, this is not enough sn fds 5ŝsg 
order  !!



ÅIn 3 -dim, we also have a peculiar, 2ŝqc-
derivative order action, called
(gravitational) Chern-Simons action.

ÅThis produce the potential

with the Cotton tensor 



ÅThen, in total, he got the 5ŝsgorder

from 

So, we have 5 constant parameters, 
which seems to be minimum, from the 
detailed balancing.



ÅSome improved UV behaviors are 
expected, i.e., renormalizability

Predictable Quantum Gravity !!(?)

ÅBut, it seems that the detailed balance 
condition is too strong to get general 
spacetimes with an arbitrary
cosmological constant. 

ÅFor example, there is no Minkowski , 
i.e., vanishing c.c. vacuum solution !  
(Lu, Mei, Pope)



Å@ Śrnesśbreaking of the detailed balance is 
given by the action :

ÅIt is found that there does exit the black 
hole which converges to the usual 
Schwarzschild solution in Minkowski limit, 
i.e.,            for         ( s.t. Einstein -Hilbert in 
IR) (Kehagias, Sfetsos) .    

IR modification term



ÅBlack hole solution for            limit 
(         ): 

~ Schwarzshild Solution

: Independently of      !! 



General Remarks
KS considered                          but it can 
be considered as an independent 
parameter : One more parameter than the 
Horava gravity with the detailed balance , 
i.e., we have 6 constant parameters

ÅCosmological constant ~       <0, i.e., AdS, 
for  consistency ! (Horava )

IR modification parameter



ÅdS , i.e., positive c.c., can be obtained by 
the continuation (Lu,Mei,Pope ):

ÅCf: KS: 



2. FRW cosmology in IR 
modified Horava gravity

ÅHomogeneous, isotropic cosmological 
solution of FRW form :

ÅFor a perfect fluid with energy density    
and pressure    , the IR modified Horava
`bshnm fhudr Œ



Friedman equations

[ Upper (Lower) sign for AdS (dS) ] 

is the current (a=1) radius 
of curvature of universe 



Remarks

ÅThe          term, which is the contribution 
from the higher -derivative terms in 
Horava gravity, exists only for,               
i.e., non -flat universe and becomes 
dominant for small    : The cosmological 
solutions for GR are recovered at large 
scales.

ÅThere is no contribution from the soft IR 
modification to the second Friedman Eq.: 
Identical to that of Lu,Mei,Pope .



What is the implication of the 
Horava gravity to our universe ?

Is there any critical test of the 
theory if we are live in Horava
gravity ? 

It seems to be Śxdrś !  How ?



How to test the theory ?
ÅIf we are live in the Horava gravity 

(with some IR modifications) , the 
additional contributions to the 
Friedman Eq. from the higher -(spatial) 
derivative terms may not be 
distinguishable  from the dark energy
with (including C.C. term)  



ÅWe would see the Friedman Eq. as

where



ÅThe Eq. of state parameter is given by

ÅAnd it depends on the constant
parameters            ... 



Remarks

Å is non -negative always !

ÅSgd Mdvsnmŝr bnmrs`ms     b`m ad 
negative, i.e., anti -gravity, for            :

Å is the upper bound for the 
consistency with our universe, i.e., no
anti -gravity: Physical bound



Qdl`qjr Bnmsŝc
ÅThe definition of speed of light seems 

to have some ambiguity : One might 
consider include      term in     ,

, rather than  including in        as

??



ÅBut      can be negative when              .

ÅActually there are infinitely many 
definitions of     , depending on how 
much the       term contributes to     . 
Here,  I do not consider all these 
possibilities but consider only the 
simplest choice which can be matched 
with the experiments : In experiments, I 
need at least two parameters to fit to 
data and I have  two parameters
in my choice also.











3a. Comparison with observational 
data I

(1)Deceleration to Acceleration transition





Y. Gong, astro -ph/0405446: 



ÅActually, in our Horava gravity (the 
second Friedman Eq.), there is the 
transition point from deceleration to 
acceleration phase, neglecting matter 
contributions , at

ÅIf I use                          or  

(              ), I get                             
for the non -flat universe with        .  



Remarks

ÅAt the transition point, the theory 
predicts , independently of 
the parameters             !  



(2) Non -flatness : 







ÅIf I use                      in the current
epoch           and 

for the Hubble parameter            ,     

and           , I get  

If I use                      with   

, I get 



To summarize,

ÅFor , I get the constant
parameters with

which predicts the evolution of         
as one of the curves of              .      



ÅIf I use                             from

and                               , I get




