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Excuse

• There are several points that I 
don’t understand, still !

• But, 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) 

+ “detailed balance” in the coefficients (5
constant parameters:                    )

Cf. In Einstein gravity, we have 3 fundamental 
constants



Detailed balance condition:
• We need (foliation preserving Diff 

invariant) potential term having 6th

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

• There are large numbers of possible 
terms, which are invariant by 
themselves, like …   



• …, like

• But 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.



• Horava required the potential to be of

by demanding

for some action      and         the inverse of 
De Witt metric 

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



• W is 3-dimensional Euclidean action.

• First, we may consider Einstein-Hilbert 
action, 

then, this gives 4’th-derivative order 
potential

• So, this is not enough to get 6’th 
order  !!



• In 3-dim, we also have a peculiar, 3’rd-
derivative order action, called
(gravitational) Chern-Simons action.

• This produce the potential

with the Cotton tensor 



• Then, in total, he got the 6’th order

from 

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



• Some improved UV behaviors are 
expected, i.e., renormalizability

Predictable Quantum Gravity !!(?)

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

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



• A “soft” breaking of the detailed balance is 
given by the action :

• It 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



• Black 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

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

IR modification parameter



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

• Cf: KS: 



2. FRW cosmology in IR 
modified Horava gravity

• Homogeneous, isotropic cosmological 
solution of FRW form :

• For a perfect fluid with energy density    
and pressure    , the IR modified Horava
action gives …



Friedman equations

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

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



Remarks

• The          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.

• There 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 “yes” !  How ?



How to test the theory ?
• If 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)  



• We would see the Friedman Eq. as

where



• The Eq. of state parameter is given by

• And it depends on the constant
parameters            ... 



Remarks

• is non-negative always !

• The Newton’s constant     can be 
negative, i.e., anti-gravity, for            :

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



Remarks Cont’d
• The definition of speed of light seems 

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

, rather than  including in        as

??



• But      can be negative when              .

• Actually 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: 



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

• If I use                          or  

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



Remarks

• At the transition point, the theory 
predicts , independently of 
the parameters             !  



(2) Non-flatness : 







• If I use                      in the current
epoch           and 

for the Hubble parameter            ,     

and           , I get  

If I use                      with   

, I get 



To summarize,

• For , I get the constant
parameters with

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



• If I use                             from

and                               , I get





So, our theory predicts 



• Or, in the astronomer’s convention

Past
DecelerationAcceleration



Y. Gong, astro-ph/0401207



Y. Gong, astro-ph/0405446



3a. Comparison with observational 
data II: Latest data, independently 

of matters.  
• Previously, I neglected matters, which 

occupy about 30 % of our current
universe, to get         , so this would 
be good within about 70 % accuracy, 
only !

• Is there any more improved analysis to 
achieve better accuracy, without 
neglecting matters ? Yes ! … 



• To this end, let me consider the series 
expansion  of         near the current 
epoch (a=1): 

• This agrees exactly with Chevallier, 
Polarski, and Linder (CPL)'s 
parametrization !



• By knowing       and         from 
observational data, one can determine 

as



Remarks

• I do not need to know about matter 
contents, separately.

• Once            are determined, the 
whole function             is completely
determined !  

•



Data analysis without assuming the flat universe



Data analysis Ia, Ib: 
CMB+BAO+SN

• K. Ichikawa, T. Takahashi [arXiv: 
0710.3995v2 [astro-ph] 3 May 2008

Ia

Ib



+Gold06 (red,solid): Analysis Ia

+David07 (blue,dotted) :
Analysis Ib

Best Fit: (-1.10,0.39)

Best Fit: (-1.06,0.72)



Data analysis II: CMB+BAO+SN

• J.-Q.Xia, et. al., arXiv:0807.3878v2 
[astro-ph] 22 Aug 2008



Non-Flat
(blue, dotted)

Flat (red, solid)

Best Fit: (-1.11,0.475)



The whole function of  is 
determined as (a=1/(1+z)) 

Future

Today

Past



Comparison with early estimate

By neglecting matters

Estimated,  independently of matters



Similar tendencies 1.

Best Fit: Gold-HST=142 SNe

U. Alam et. al., astro-ph/0403687 (Flat universe is asumed)



Similar tendencies 2
Huterer and Cooray, PRD71, 023506 (2005): 
Uncorrealted estimates (flat universe is assumed)



Remark

• For the consistency of our theory, we 
need

• Otherwise, we would have imaginary
valued      and     , though      would     
not !! :



Consistency Conditions          :

Forbidden !!
Forbidden !!



In our data sets

Ia

Ib
II



Within confidence levels
Ia

68.3 % Confidence



II



• Consistency condition may be tested 
near future by sharpening the data 
sets !



Possible scenario I

• If k=0, i.e., flat universe is confirmed, 
there is no effect of the Horava gravity 
in FRW cosmology. This is predicted by 
inflationary cosmology but          ,i.e., 
non-flat universe can be still consistent
with data ! 

• But, even in this case, it is still open
problem to study its effect to 
anisotropic and non-Gaussianity. 



Possible scenario IIa

• If                    and             the original 
Horava gravity with the detailed balance, 
which predicts                          may be 
ruled out .

• According to current observational data, 
this seems to be quite plausible and this 
is also consistent  with other theoretical 
considerations



Possible scenario IIb
• Even if                          and good 

agreements for small z are confirmed by 
determining       and      , some 
disagreements or inconsistencies for 
higher z can occur.

• In this case, one might consider several 
further modifications:

(1) More detailed-balancing breaking 
terms with the additional parameters.

(2) Another definition of         and        
by considering different definition of      . 



4. Open problems
• We need some more systematic fitting 

for the range of allowed constant 
parameters               to see whether 
our theory is really consistent with our 
universe.

• Can we reproduce other complicated 
stories with matters ? If dark matters 
are given by the Horava gravity also, 
as Mukohyama proposed, I can say … 



Estimated distribution of dark matter and dark energy 
in the universe

IR modified 
Horava gravity

Integration constant
of Horava gravity

In the current epoch (a=1) 

http://upload.wikimedia.org/wikipedia/commons/4/4b/DarkMatterPie.jpg


Slogan for gravitists

The Horava gravity 
is the theory of 
97 % !!??



If yes, Slogan for gravitists

The Horava gravity 
is the theory of 
almost everything !


