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Introduction



WMAP & Inflation
TT correlation

Angle θ~ 180。
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θ

spatially flat (as predicted by inflation)
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Inflation models (adiabatic)

Inflation models (isocurvature)

WMAP strongly supports inflation !!



Inflation and scalar field
 An (effective) scalar field is required to cause inflation.

 The standard model of particle physics includes 
a unique scalar field, i.e. Higgs field,

Collider constraint : 

Cosmological constraint : 

The Higgs field may play a role of inflaton (Higgs inflation).

Conflict !!

We need to modify gravitational or kinetic sector to realize Higgs inflation.

(More precisely, chaotic inflation with quartic potential predicts too large tensor perturbations.)



Various Higgs inflation models I

 (original) Higgs inflation :

Large and negative non-minimal coupling, 

The effective Planck scale becomes larger during inflation so that
curvature perturbations are suppressed. (λ= O(0.1) can fit the WMAP data.)

 new Higgs inflation :

Derivative coupling to the Einstein tensor, 

This coupling changes the normalization of the Higgs field so that
quantum fluctuations are suppressed.

Modify the gravitational sector :
Bezrukov and Shaposhnikov 2008
Barvinsky, Kamenshchik, Starobinsky. 2008, and many others

Germani and Kehagias 2008, 2010



Various Higgs inflation models II

 running kinetic inflation :

Non-trivial kinetic term, 

 Higgs G-inflation :

Higher derivative interaction, 

This term acts as an additional friction term so that the potential is 
effectively smoothened and curvature perturbations are suppressed.

Modify the kinetic sector :

This coupling changes the normalization of the Higgs field so that
quantum fluctuations are suppressed.

Nakayama and Takahashi 2010, 2011

Kamada, Kobayashi, MY, Yokoyama 2011



Unification of Higgs inflation models

The following question may arise :

 Can we understand all of the proposed Higgs inflation 
models in a unified way ?

 Is there another type of Higgs inflation ?

We would like to single out the model from the future experimental
and observation data like the LHC experiment and the Planck satellite.

But, without such a unified model, we cannot perform 
the model (parameter) selection using the MCMC method.



Generalized Higgs inflation



Galileon field
These Lagrangians are invariant under Galilean shift symmetry in flat space :

Nicolis et al. 2009
Deffayet et al. 2009

Lagrangian has higher order derivatives, but EOM is second order.



Generalized Galileon: 
covariantization of Galileon field

Horndeski 1974
Deffayet et al. 2009, 2011

This is the most general non-canonical and non-minimally coupled
single-field model which yields second-order equations.

These Lagrangians were found by Horndeski in 1974 and recently 
rediscovered by Deffayet et al. in the present form. 

NB :  ● G4 = MG2 / 2 yields the Einstein-Hilbert action
● G4 = f(φ) yields a non-minimal coupling of the form f(φ)R



Classification of various Higgs inflation models
Expand the functions in terms of X :

g3 = 0,
g5 = 0.

 (original) Higgs inflation :

 new Higgs inflation :

 running kinetic inflation :

 Higgs G-inflation :

All of the Higgs inflation models proposed thus far can be understood 
as potential driven cases of the Generalized G(alileon)-inflation.



Running Einstein Higgs inflation

The case with h5(φ) ≠ 0 has not yet been considered.

This kind of kinetic and derivative coupling to Einstein tensor
should also be discussed as possibility of Higgs inflation.

We name it running Einstein Higgs inflation and investigate
all of the five models (and their arbitrary combination) on equal footing.



Dynamics of generalized Higgs inflation
 Assuming the following slow-roll conditions : 

g=MG2/2, Κ=1, hi=0
 standard Friedmann Eq.

standard EOM

Which term (Κ, hi) dominates the dynamics ?



Powerspectrum of primordial fluctuations



Primordial tensor perturbations

No ghost & gradient instabilities  ⇔

For  G4X≠0  or  G5φ≠0  or  G5X≠0, 
the sound velocity squared cT2 can deviate from unity.

Perturbed metric :

Kobayashi, MY, Yokoyama 2011



Powerspectrum of tensor perturbations

Mode functions :

Commutation relations :

Note that the blue spectrum nT >  0 can be easily obtained 
as long as 4ε+ 3fT - gT < 0.

polarization tensor



Primordial scalar perturbations

No ghost & gradient instabilities  ⇔

Perturbed metric :

Unitary gauge :

Hamiltonian &
Momentum constraints

Kobayashi, MY, Yokoyama 2011



Powerspectrum of scalar perturbations

Mode functions :

Commutation relations :

Note that almost scale invariance requires 2ε+ 3sS + gS << 1, 
while each slow-roll parameter can be large.

Tensor-to-scalar ratio :



Powerspectrum of perturbations 
of Generalized Higgs inflation



Powerspectrum of primordial tensor fluctuations

Slow-roll EOM :



Powerspectrum of primordial scalar fluctuations

Thus, consistency relations may be useful to discriminate 
which Higgs inflation model is realized.

K or h4 term domination  h3 or h5 term domination
(running kinetic or new Higgs inflation) (Higgs G or running Einstein inflation)



Non-Gaussianity of Generalized Higgs inflation
Bispectrum of curvature perturbations :

(K=k1+k2+k3)

Non-Gaussianity of the curvature perturbations 
of generalized Higgs inflation cannot be large.



Summary
We have presented a unified treatment of all of the Higgs

inflation models proposed so far in the context of the generalized
G(alileon)-inflation, which is the most general single field 
inflation model with second order equation of motion.

We find yet another class of Higgs inflation model,
running Einstein Higgs inflation.

 The general formula for powerspectra of 
tensor and scalar perturbations are derived. Non-Gaussianity of 
curvature perturbations of generalized Higgs inflation is small.

 For more quantitative analysis, we need to take quantum effects
into account. But, since generalized Higgs inflation includes 
couplings to the Einstein tensor and higher derivative terms,
it is a challenge.
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