


Jun’ichi	Yokoyama	

Department of Physics	

　横山順一 

G=Galileon	



first star 

galaxy formation 

decoupling 380kyr 

reheating=Big Bang 

inflation    

multiproduction of universes？ 

dark age 

dark energy    

Today 13.8Gyr 
size 

tim
e 

Why is Our Universe Big,  
Old, and full of structures? 

All of them are big  
mysteries in the context of 
evolving Universe. 
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Rapid Accelerated Expansion or INFLATION 
in the early Universe can solve 
The Horizon Problem 
    Why is our Universe Big? 
The Flatness Problem  
    Why is our Universe Old? 
The Monopole/Relic Problem 
    Why is our Universe free from exotic relics? 
The Origin-of-Structure Problem 
    Why is our Universe full of structures? 
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The	most	general	single	scalar	ac8on	with	second	order	field	equa8ons	
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This theory includes 
   potential-driven inflation models 
   k-inflation model 
   Higgs inflation model 
   New Higgs inflation model 
   G-inflation model 

5G Gµν
µ νφ φ φ∂ ∂ ⇐ ∝

( ), [ ]K X X Vφ φ= −
( ) ( ),K X K Xφ =

2 2
42 2R Gξ φ ξφ− ⇐ ⊃ −

   K(φ, X )−G(φ, X )!φ



During	infla8on	the	Universe	must		
have	been	very	dark,	being	dominated	
by	the	inflaton’s	energy	density…	





or entropy production 
to realize Big Bang	

In the standard potential-driven  
inflation models, the Universe is  
reheated by the decay of coherent  
field oscillation around the potential  
minimum. 

In some models, inflation may end abruptly without being followed by its 
coherent field oscillation and reheating proceeds through gravitational 
particle creation. 	

Such inflation models include k-inflation and G-inflation models driven 
by kinetic energy of a scalar field with non-canonical kinetic terms.	
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De	SiMer	infla8on	(never	ends)	

Infla8on	can	be	terminated	by	flipping	the	sign	here.	
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A(φ) ≡ tanh β φ f −φ( ) MG
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Numerical	solu8ons	indicate					stalls	within	one	e-fold	aKer	crossing							
and	all	higher	deriva8ve	terms	become	negligible.	
This	func8on	breaks	the	shiK	symmetry	(severely)	only	around												.	
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driven	



Despite its appearance, the linear perturbation          
around the background         ,                                        is stable.  	
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Perturbation is not a ghost if    G > 0

There is no gradient instability if 	
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The action for the curvature perturbation	
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Both	are	sa8sfied	throughout.	



In G-inflation, the null energy condition may be violated, 

   
2MG

2 !H = −(ρ + p) = −(2K X X + 3G3X H !φ3 − 4G3φ X − 2G3X
!!φX ) > 0.

It can be violated without instabilities, keeping              . 2 0sc >

The tensor spectral 
index can be positive, 

   
nT = −2ε = 2

!H
H 2 > 0.

Short wave tensor fluctuations may have a larger amplitude at formation. 

BLUE tensor spectrum!!	

(This is not the case with k-inflation.)	
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AKer											has	flipped	its	sign	the	Universe	is	soon	dominated	by	the		
kine8c	energy	of	the	inflaton	field	now	with	the	canonical	kine8c	term.		
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Gravitational particle production takes place due to this rapid change 
of the expansion law.   Vacuum state in de Sitter space is different from 

that in the power-law expanding Universe.  
†0 0 0dS powerlaw powerlaw dSa a ≠k k

   
!!χ k + 3H !χ k +
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a2 χ k = 0

This process can be calculated using the Bogolubov coefficients      . 
Consider production of a massless boson     , whose mode function reads 	
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shifting of the value of � (which is part of the Galilean
symmetry. The disadvantage of this coupling is that it
violates the symmetry � ! ��. The second coupling
obeys this symmetry but involves non-renormalizable in-
teractions. It is

LI = �1

2
M�2�̇2�2 , (10)

where M is a new mass scale which is expected to be
smaller than the Planck mass. These couplings open up
non-gravitational channels for the production of � parti-
cles. In the following we will study the conditions under
which these direct production channels are more e�cient
than the gravitational particle production channel.

III. INFLATON-DRIVEN PARTICLE
PRODUCTION

Assuming that the Lagrangian for the matter field �
has canonical kinetic term, then the Lagrangian for � is
that of a free scalar field with a time dependent mass,
the time dependence being given by the interaction La-
grangians (9) or (10). Each Fourier mode �k of � evolves
independently, the equation of motion is

�̈k + 3H�̇k +

✓
k2

a2
� g2�̇

◆
�k = 0 . (11)

or

�̈k + 3H�̇k +

✓
k2

a2
+M�2�̇2

◆
�k = 0 , (12)

depending on the form of the interaction Lagrangian.
The e↵ects of the expansion of space can be pulled out
by rescaling the field

Xk ⌘ a�1�k . (13)

Then, in terms of conformal time ⌧ (which is related to
physical time t by dt = a(t)d⌧), the equation of motion
becomes

X 00
k +

✓
k2 � g2�̇a2 � a00

a

◆
Xk = 0 , (14)

or

X 00
k +

✓
k2 +M�2�̇2a2 � a00

a

◆
Xk = 0 , (15)

where a prime denotes a derivative with respect to ⌧ .
The qualitative features of the equations of motion (14)

or (15) are well known from the theory of cosmological
perturbations (see e.g. [33] for an in-depth review and
[34] for a brief overview): In the absence of the inter-
action term, Xk will oscillate on sub-Hubble scales, i.e.
scales for which

k2 >
a00

a
⇠ H2 , (16)

whereas the mode function Xk is squeezed on super-
Hubble scales, i.e.

Xk ⇠ a . (17)

Following [5], we will treat the e↵ects of the interaction
term in leading order Born approximation, i.e. we write

X ⌘ X0 +X1 , (18)

(here and in the following we will drop the subscript k)
where X0 is the solution of the equation in the absence
of interactions, i.e. a solution of

X 00
0 +

✓
k2 � a00

a

◆
X0 = 0 , (19)

solving the initial conditions of the problem, and X1 is
the solution of the inhomogeneous equation

X 00
1 +

✓
k2 � a00

a

◆
X1 = g2�̇a2X0 (20)

or

X 00
1 +

✓
k2 � a00

a

◆
X1 = �M�2�̇2a2X0 (21)

(with vanishing initial conditions) obtained by taking the
interaction term in (14) or (15) to the right hand side
of the equation and replacing X by the “unperturbed”
solution X0.
The inhomogeneous equation (20) (or (21)) can be

solved by the Green’s function method

X1(⌧) =

Z ⌧

⌧i

d⌧ 0G(⌧, ⌧ 0)g2a2(⌧ 0)�̇(⌧ 0)X0(⌧
0) , (22)

or

X1(⌧) = �
Z ⌧

⌧i

d⌧ 0G(⌧, ⌧ 0)M�2a2(⌧ 0)�̇2(⌧ 0)X0(⌧
0) ,

(23)
where the Green’s function G(⌧, ⌧ 0) is determined in
terms of the two fundamental solutions u1 and u2 of the
homogeneous equation via

G(⌧, ⌧ 0) = W�1
�
u1(⌧)u2(⌧

0)� u2(⌧)u1(⌧
0)
�
, (24)

where W is the Wronskian

W = u1(⌧)u
0
2(⌧)� u2(⌧)u

0
1(⌧) . (25)

In the above, the time ⌧i is the time when the initial
conditions are imposed. In our case it is the end of the
period of inflation.
The condition that direct particle production is more

e�cient than gravitational particle production is

X1(⌧) > X0(⌧) (26)

at some time ⌧ > ⌧i before the time when the kinetic
phase would be terminated by gravitational particle pro-
duction alone.
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In this case, � = 0 is stable as long as

�̇2

M2
> ��v

2 . (57)

To obtain inflation we are interested in parameter values
for which this condition is satisfied during inflation. As
�̇ starts to decrease rapidly right after inflation, the con-
dition will break down eventually and � will be free to
roll to the minimum of its potential.

There is, however, a di↵erence between tachyonic re-
heating in hybrid inflation and the tachyonic decay chan-
nel in the model we are considering: in the case of hybrid
inflation, inflationary expansion is driven by the contri-
bution of � to the potential energy. Hence, the energy
liberated during tachyonic preheating is the entire energy
stored in the inflaton field. In contrast, in G-inflation
the contribution of � to the initial energy density must
be very small, and hence the tachyonic decay channel
cannot liberate the entire energy stored in the inflaton
field.

In the present work we have studied the production
of particles which correspond to an entropy fluctuation
direction. There is the danger (see e.g. [37] for an
initial study and [38] for recent work) that the induced
entropy fluctuations might induce too large curvature
perturbations, as it does in the model studied in [39]. A
study of this question will be the focus of future work.
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Appendix

In this Appendix we compare our calculation of par-
ticle production in G-inflation with what is obtained us-
ing more standard methods of quantum field theory in
curved space-time (see e.g. [2, 40, 41]). Recall the equa-
tion of motion for our canonical field X. In the case of

the second coupling which we consider in the main text
this equation is

X 00
k +

✓
k2 +M�2�̇2a2 � a00

a

◆
Xk = 0 . (58)

We will compare the energy density in produced particles
in the initial stages of particle production (before back-
reaction becomes important).
Starting from vacuum initial conditions, we can ob-

tain the energy density from the Bogoliubov coe�cients
�k which describe how the solution of (58) that initially
corresponds to the vacuum can at late times ⌧ be decom-
posed into positive and negative frequency modes (see
e.g. [3] for a textbook treatment):

⇢(⌧) =
1

2⇡2a4(⌧)

Z 1

0
|�k|2k3dk . (59)

The Bogoliubov coe�cient �k is given by

�k =
i

2k

Z 1

�1
e�2ik⌧V (⌧)d⌧ , (60)

where in the case of the equation (58)

V (⌧) =
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m2
pl

M2
� 2

!
1

⌧2
(61)

during inflation, and

V (⌧) =

 
3
m2

pl

M2
� 1

4

!
1

�
⌧ + 3

2H

�2 (62)

in the subsequent kination regime, where we have taken
⌧ = �1/H and a = 1 at the end of inflation. The first
term on the right hand side of these equations represents
particle production via the particle interactions, whereas
the second term corresponds to gravitational particle pro-
duction. From this equation it is already clear that for
M ⌧ mpl particle interactions will dominate the energy
transfer from the inflaton field to matter.
Following [39], the expression (59) for the energy den-

sity can be rewritten as

⇢(⌧) =
�1

32⇡2a4

Z ⌧

�1
d⌧1d⌧2 ln(µ |(⌧1 � ⌧2)|)V 0(⌧1)V

0(⌧2)

(63)
where µ is a regularization scale which has been intro-
duced to remove the ultraviolet divergence. Note that
the derivative of V in the above equation is with respect
to conformal time.
If we are interested in particle production due to the

squeezing of the mode wave functions on super-Hubble
scales, we have the natural regularization scale µ =
H(⌧i), the Hubble scale at the end of inflation. Mak-
ing use of this cuto↵, it can be shown that the order of
magnitude of ⇢(⌧) obtained from (63) agrees with what

Bogolubov coefficient	

2†0 0dS powerlaw powerlaw dS ka a β=k k

Energy density	

setting           at the end of inflation.	1a =

∝
1
3( )a t ttΔ

(Ford	1987,	Kunimitsu	&	JY	2014)	
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kinetic energy of the inflaton	
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Suppose there are effectively N modes and neglect the logarithmic factor.	
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2 H inf
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≈

Gravitational particle production produces radiation energy of order of the  
Hawking temperature of the de Sitter space              at the end of inflation.	inf

2
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≈

RT

rφρ ρ= at                           which defines the reheating time.	



Here                                              　is the tensor-scalar ratio.	

The reheating temperature at the onset of the radiation domination is	

The maximum temperature after inflation can be much higher (if thermalized 
sufficiently rapidly) :	

1
2

12inf 4 10 GeV
2 0.01f
H rT
π

⎛ ⎞≈ = × ⎜ ⎟⎝ ⎠

If we consider the case the Universe is thermalized through 2 body scattering, 
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More efficient reheating is possible if χ	is directly coupled with the inflaton.	
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In this case, � = 0 is stable as long as

�̇2

M2
> ��v

2 . (57)

To obtain inflation we are interested in parameter values
for which this condition is satisfied during inflation. As
�̇ starts to decrease rapidly right after inflation, the con-
dition will break down eventually and � will be free to
roll to the minimum of its potential.

There is, however, a di↵erence between tachyonic re-
heating in hybrid inflation and the tachyonic decay chan-
nel in the model we are considering: in the case of hybrid
inflation, inflationary expansion is driven by the contri-
bution of � to the potential energy. Hence, the energy
liberated during tachyonic preheating is the entire energy
stored in the inflaton field. In contrast, in G-inflation
the contribution of � to the initial energy density must
be very small, and hence the tachyonic decay channel
cannot liberate the entire energy stored in the inflaton
field.

In the present work we have studied the production
of particles which correspond to an entropy fluctuation
direction. There is the danger (see e.g. [37] for an
initial study and [38] for recent work) that the induced
entropy fluctuations might induce too large curvature
perturbations, as it does in the model studied in [39]. A
study of this question will be the focus of future work.
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Appendix

In this Appendix we compare our calculation of par-
ticle production in G-inflation with what is obtained us-
ing more standard methods of quantum field theory in
curved space-time (see e.g. [2, 40, 41]). Recall the equa-
tion of motion for our canonical field X. In the case of

the second coupling which we consider in the main text
this equation is

X 00
k +

✓
k2 +M�2�̇2a2 � a00

a

◆
Xk = 0 . (58)

We will compare the energy density in produced particles
in the initial stages of particle production (before back-
reaction becomes important).
Starting from vacuum initial conditions, we can ob-

tain the energy density from the Bogoliubov coe�cients
�k which describe how the solution of (58) that initially
corresponds to the vacuum can at late times ⌧ be decom-
posed into positive and negative frequency modes (see
e.g. [3] for a textbook treatment):

⇢(⌧) =
1

2⇡2a4(⌧)

Z 1

0
|�k|2k3dk . (59)

The Bogoliubov coe�cient �k is given by

�k =
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Z 1

�1
e�2ik⌧V (⌧)d⌧ , (60)

where in the case of the equation (58)
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⌧2
(61)

during inflation, and

V (⌧) =

 
3
m2

pl

M2
� 1

4

!
1

�
⌧ + 3

2H

�2 (62)

in the subsequent kination regime, where we have taken
⌧ = �1/H and a = 1 at the end of inflation. The first
term on the right hand side of these equations represents
particle production via the particle interactions, whereas
the second term corresponds to gravitational particle pro-
duction. From this equation it is already clear that for
M ⌧ mpl particle interactions will dominate the energy
transfer from the inflaton field to matter.
Following [39], the expression (59) for the energy den-

sity can be rewritten as

⇢(⌧) =
�1

32⇡2a4

Z ⌧

�1
d⌧1d⌧2 ln(µ |(⌧1 � ⌧2)|)V 0(⌧1)V

0(⌧2)

(63)
where µ is a regularization scale which has been intro-
duced to remove the ultraviolet divergence. Note that
the derivative of V in the above equation is with respect
to conformal time.
If we are interested in particle production due to the

squeezing of the mode wave functions on super-Hubble
scales, we have the natural regularization scale µ =
H(⌧i), the Hubble scale at the end of inflation. Mak-
ing use of this cuto↵, it can be shown that the order of
magnitude of ⇢(⌧) obtained from (63) agrees with what
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in the subsequent kination regime, where we have taken
⌧ = �1/H and a = 1 at the end of inflation. The first
term on the right hand side of these equations represents
particle production via the particle interactions, whereas
the second term corresponds to gravitational particle pro-
duction. From this equation it is already clear that for
M ⌧ mpl particle interactions will dominate the energy
transfer from the inflaton field to matter.
Following [39], the expression (59) for the energy den-

sity can be rewritten as

⇢(⌧) =
�1

32⇡2a4
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where µ is a regularization scale which has been intro-
duced to remove the ultraviolet divergence. Note that
the derivative of V in the above equation is with respect
to conformal time.
If we are interested in particle production due to the

squeezing of the mode wave functions on super-Hubble
scales, we have the natural regularization scale µ =
H(⌧i), the Hubble scale at the end of inflation. Mak-
ing use of this cuto↵, it can be shown that the order of
magnitude of ⇢(⌧) obtained from (63) agrees with what
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In this case, � = 0 is stable as long as
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To obtain inflation we are interested in parameter values
for which this condition is satisfied during inflation. As
�̇ starts to decrease rapidly right after inflation, the con-
dition will break down eventually and � will be free to
roll to the minimum of its potential.

There is, however, a di↵erence between tachyonic re-
heating in hybrid inflation and the tachyonic decay chan-
nel in the model we are considering: in the case of hybrid
inflation, inflationary expansion is driven by the contri-
bution of � to the potential energy. Hence, the energy
liberated during tachyonic preheating is the entire energy
stored in the inflaton field. In contrast, in G-inflation
the contribution of � to the initial energy density must
be very small, and hence the tachyonic decay channel
cannot liberate the entire energy stored in the inflaton
field.

In the present work we have studied the production
of particles which correspond to an entropy fluctuation
direction. There is the danger (see e.g. [37] for an
initial study and [38] for recent work) that the induced
entropy fluctuations might induce too large curvature
perturbations, as it does in the model studied in [39]. A
study of this question will be the focus of future work.
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Appendix

In this Appendix we compare our calculation of par-
ticle production in G-inflation with what is obtained us-
ing more standard methods of quantum field theory in
curved space-time (see e.g. [2, 40, 41]). Recall the equa-
tion of motion for our canonical field X. In the case of

the second coupling which we consider in the main text
this equation is
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We will compare the energy density in produced particles
in the initial stages of particle production (before back-
reaction becomes important).
Starting from vacuum initial conditions, we can ob-

tain the energy density from the Bogoliubov coe�cients
�k which describe how the solution of (58) that initially
corresponds to the vacuum can at late times ⌧ be decom-
posed into positive and negative frequency modes (see
e.g. [3] for a textbook treatment):
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in the subsequent kination regime, where we have taken
⌧ = �1/H and a = 1 at the end of inflation. The first
term on the right hand side of these equations represents
particle production via the particle interactions, whereas
the second term corresponds to gravitational particle pro-
duction. From this equation it is already clear that for
M ⌧ mpl particle interactions will dominate the energy
transfer from the inflaton field to matter.
Following [39], the expression (59) for the energy den-

sity can be rewritten as
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where µ is a regularization scale which has been intro-
duced to remove the ultraviolet divergence. Note that
the derivative of V in the above equation is with respect
to conformal time.
If we are interested in particle production due to the

squeezing of the mode wave functions on super-Hubble
scales, we have the natural regularization scale µ =
H(⌧i), the Hubble scale at the end of inflation. Mak-
ing use of this cuto↵, it can be shown that the order of
magnitude of ⇢(⌧) obtained from (63) agrees with what
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To obtain inflation we are interested in parameter values
for which this condition is satisfied during inflation. As
�̇ starts to decrease rapidly right after inflation, the con-
dition will break down eventually and � will be free to
roll to the minimum of its potential.

There is, however, a di↵erence between tachyonic re-
heating in hybrid inflation and the tachyonic decay chan-
nel in the model we are considering: in the case of hybrid
inflation, inflationary expansion is driven by the contri-
bution of � to the potential energy. Hence, the energy
liberated during tachyonic preheating is the entire energy
stored in the inflaton field. In contrast, in G-inflation
the contribution of � to the initial energy density must
be very small, and hence the tachyonic decay channel
cannot liberate the entire energy stored in the inflaton
field.

In the present work we have studied the production
of particles which correspond to an entropy fluctuation
direction. There is the danger (see e.g. [37] for an
initial study and [38] for recent work) that the induced
entropy fluctuations might induce too large curvature
perturbations, as it does in the model studied in [39]. A
study of this question will be the focus of future work.
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In this Appendix we compare our calculation of par-
ticle production in G-inflation with what is obtained us-
ing more standard methods of quantum field theory in
curved space-time (see e.g. [2, 40, 41]). Recall the equa-
tion of motion for our canonical field X. In the case of

the second coupling which we consider in the main text
this equation is
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We will compare the energy density in produced particles
in the initial stages of particle production (before back-
reaction becomes important).
Starting from vacuum initial conditions, we can ob-

tain the energy density from the Bogoliubov coe�cients
�k which describe how the solution of (58) that initially
corresponds to the vacuum can at late times ⌧ be decom-
posed into positive and negative frequency modes (see
e.g. [3] for a textbook treatment):
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in the subsequent kination regime, where we have taken
⌧ = �1/H and a = 1 at the end of inflation. The first
term on the right hand side of these equations represents
particle production via the particle interactions, whereas
the second term corresponds to gravitational particle pro-
duction. From this equation it is already clear that for
M ⌧ mpl particle interactions will dominate the energy
transfer from the inflaton field to matter.
Following [39], the expression (59) for the energy den-

sity can be rewritten as
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where µ is a regularization scale which has been intro-
duced to remove the ultraviolet divergence. Note that
the derivative of V in the above equation is with respect
to conformal time.
If we are interested in particle production due to the

squeezing of the mode wave functions on super-Hubble
scales, we have the natural regularization scale µ =
H(⌧i), the Hubble scale at the end of inflation. Mak-
ing use of this cuto↵, it can be shown that the order of
magnitude of ⇢(⌧) obtained from (63) agrees with what
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≤ GM MIf                    the direct interaction is more important than gravitational  
particle production and realizes a higher reheating temperature.	
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The thermalization temperature by 2 body scattering is given by 	
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Higher thermalization and reheating temperatures are possible.	



The Universe after G-inflation (as well as k-inflation) is 
dominated by the kinetic energy density of the inflaton 
field which evolves as	

The reheating proceeds through gravitational particle  
production and/or direct interaction through derivative 
coupling preserving the shift symmetry of the theory.	

One can consider spontaneous baryogenesis or asymmetric 
dark matter genesis by introducing a derivative coupling 
between the inflaton and their respective currents.	
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