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1. Hybrid inflation

- Inflaton  
- Higgs-type auxiliary field
- Hybrid potential (Linde, astro-ph/9307002)

φ
ψ

- Question :  What are regions in space of  initial values of  the fields
                      leading to sufficient inflation ?
- Sufficient inflation :  > 60 e-folds        ( null initial speeds for simplicity)
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3. How to avoid fine-tuning ?

• Extended space of  initial conditions 6

values and the number of e-folds as a function of time.
Choosing to end simulations when inflation is violated
would have not allowed us to study trajectories where
inflation is transiently interrupted as it may happen (see
Sec II A 1). Therefore, we chose to end the numerical in-
tegration when the trajectory is sure to be trapped by
one of the two global minima, because at that point, no
more e-folds will be produced. This is realized when the
sum of the kinetic and potential energy of the fields is
equal to the height of the potential barrier between the
vacua, i.e. when

λM4 =
1

2

(

φ̇2 + ψ̇2
)

+ V (φ, ψ). (14)

We have defined “successful inflation” as a period that
lasts at least for 60 e-folds4.

Let us mention that our aim here is not to provide
the best fit to the cosmological data but to explore the
genericity of inflation within the hybrid class of models.
However, notice that the COBE normalisation can al-
ways be achieved by a rescaling of the potential without
affecting the inflaton dynamics.

On Fig. 4 the grid of initial values is presented for the
original hybrid inflation model of Eq. (1). For values of
parameters comparable to those used in [29] and [31], we
have put in evidence three types of trajectories in the
fields space to obtain successful inflation. An example of
each has been represented on Fig. 4 and identified by a
letter A, B, or C whereas an example of a failed trajec-
tory is identified by a D. The details of these trajectories
are represented on Fig. 5 where the values of the fields for
three trajectories are plotted as a function of the number
of e-folds. A more detailed description of the more inter-
esting type-C trajectory is represented on Fig. 6. Each
trajectory is described and explained below.

a. Trajectory A: along the valley This region of suc-
cessful inflation corresponds to a narrow band along the
ψ = 0 line and is the standard evolution. Trajecto-
ries are characterized first by damped oscillations around
the inflationary valley which does not produce a signifi-
cant number of e-folds. However once the oscillations are
damped, the evolution is identical to the one for the effec-
tive one-field potential and inflation becomes extremely
efficient in terms of e-folds created. This explains the
abrupt transition observed on Fig. 4 along a vertical line
(parallel to the φ-axis) going from the unsuccessful to
the successful region. The difference between two close
points in each region is that for the successful ones, the

4 Note that the number of e-folds required to solve the horizon
problem actually depends on the energy at which inflation is
realized or the reheating temperature [9, 50, 51]

Nhorizon = 62 − ln(1016GeV/V 1/4
end

) −
1

3
ln(V 1/4

end
/ρ1/4

reh
)

. Here we will assume that inflation take place at high energy,
close to the GUT scale.

FIG. 4: Grid of initial conditions leading to successful (white
regions) and unsuccessful inflation (colored region), for the
original hybrid inflation with λ = λ′ = 1, m = 10−6mpl and
M = 0.03mpl. The color code denotes the number of e-folds
realized. Three typical successful trajectories [in the valley
(A), radial (B), and from an isolated point (C)] are added
as well as an unsuccessful trajectory (point D). Also plotted
are the iso-curves of ε1, in the slow-roll approximation, for
ε1 = 0.022, 0.02, 0.0167 and 0.015 (from left to right).

system just has the right amount of time for the oscilla-
tions to become damped before entering the global mini-
mum where inflation ends. For larger initial values of the
φ field (around and above the Planck mass), the narrow
band of successful inflation opens up and inflation is al-
ways successful (in agreement with [29, 30]. In this region
(at the top of Fig. 4), it is always possible for the oscil-
lations to become damped and for the efficient regime
of inflation to start before the end of inflation: the fine-
tuning on the initial conditions disappears at large values
of φ for any values of ψ. This behavior is similar to
the chaotic inflation model, where [52] super-planckian
values are necessary to have a long enough inflationary
phase.

By comparing the time necessary for the expansion to
damp the oscillations and the time taken by the inflaton
to reach the critical point of instability, an analytical
approximation of the width ψw of the narrow successful
band has been proposed in [29],

ψw !
√

3λπ3

4λ′
M. (15)

This provides a good fit of the width of the inflation-
ary valley at small φ " mpl. This successful band is

λ = λ′ = 1, M = 0.03 mpl, m = 10−6 mpl
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radial and the trajectory longer. To describe this limit
more precisely, we have plotted the iso-curves of ε1 on the
Fig. 4) in the two-fields case, in the slow roll approxima-
tion. We can see that this limit follows one of these iso-
curves of ε1, namely ε1 ! 0.0167. This can be understood
intuitively since ε1 can be written as a “velocity” in field
space where the time variable is the number of e-folds N :
ε1 = (dφ/dN)2 + (dψ/dN)2. Thus an isocurve of “time”
N corresponds to an iso-curve of velocity !! QUES-
TION !!Explication a clarifier!. This critical value of
ε1 can be computed analytically, by studying the easiest
trajectory of this kind at φi = 0. In this case, the effec-
tive potential is dominated by λψ4, and the critical ψi

is obtained by requiring a phase of inflation of exactly
Nsuc = 60 e-folds. We find

ψic =

√
m2

pl

π
Nsuc ≈ 4.37mpl . (17)

At this value, the corresponding first Hubble-flow param-
eter ε1c reads

ε1c !
1

Nsuc
≈ 0.0167 . (18)

c. Trajectory C and D: isolated successful points and
unsuccessful point Previous works [28, 30] pointed out
the presence of successful isolated points in the central
unsuccessful region. In this paragraph, we justify their
existence, study their properties and quantify the relative
area they occupy.

Let us first describe the D-type trajectories that are
unsuccessful. In these cases, as shown on Fig. 5, the sys-
tem quickly rolls down the potential to one of the global
minima of the potential during which only few e-folds
only are created. What is then the difference between
the D-type and the C-type trajectories ? Such a tra-
jectory is represented in field space in Fig. 6. In these
cases, the fields roll toward the bottom of the potential
with sufficient kinetic energy and, after some oscillations
close to the bottom of the potential, its momentum is “by
chance” oriented toward the inflationary valley. Thus the
system goes up the valley until it looses its kinetic energy
and then starts slow-rolling back down the same valley
producing inflation with a large number of e-folds. Note
that these points are mostly found in a thin band un-
der the limit of type-A trajectories. This is because, at
higher φi, there are more chances to find a trajectory
where the momentum at the bottom of the potential is
oriented toward the inflationary valley.

High resolution grids and zooms on peculiar regions
show that these apparently random isolated points form
a complex structure of long thin lines and pieces of disks.
Some of these structures for small initial conditions are
visible on Fig. 7 below. We observe structures of points,
organized in long thin lines, or croissants. The few points
that seem isolated actually belong to structures that a
better resolution would show. These results are in agree-
ment with [28] but are not recovered in [30] where only

FIG. 6: More detailed description of the field values during
a type-C trajectory as defined on Fig. 4. This is a zoom of
the trajectory close to the bottom of the potential. One can
notice that the system quickly rolls down while few e-folds are
produced before “accidently” climbing up the valley. Then
it starts a second efficient phase of inflation like a type-A
trajectory.

isolated points are found. This may be explained by the
need of a higher resolution to resolve the structures. A
detailed analysis of trajectories shows that for each con-
tinuous successful region corresponds a unique number of
crossings the φ = 0 axis by the trajectory before climbing
up and going back down the inflationary valley along the
ψ = 0 direction.

For each of these type-C trajectories, we can identify
the point (that we will call the “image”) on the infla-
tionary valley at which the velocities of the fields become
(quasi)null5. We show the robustness of the previous de-
scription of the type C trajectories, by observing that all
these images are in the successful narrow band responsi-
ble for the type-A trajectories. More precisely, the images
obtained populate exactly the narrow band as described
in the paragraph about type-A trajectories. As a con-
clusion each successful point in the unsuccessful region
corresponds to a point in the narrow successful band.
The identification between the isolated points and their
images in the inflationary valley is represented on Fig. 7,
when restricting ourselves to the positive plane. Using
the analogy with optical anamorphosis, we can say that
the observed structure of the isolated points generates
by anamorphosis the successful narrow band around the
inflationary valley, the potential playing the role of the
optical instrument used to create the meaningful image.
In this analogy the trajectories of the light rays on the

5 In reality there exist two different inflationary valleys since the
potential is invariant under φ → −φ one going toward φ > 0
and one going φ < 0. Some of these type-C initial conditions
give rise to inflation thanks to the first valley when the others
will realize inflation in the second. Obviously the two situations
are equivalent and symmetric, just like the value of the initial
condition that could be taken in the negative plane. We will
only present initial values of the potential that are positive and
images that are in the positive valley.
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• Anamorphosis points:
9

optic device are replaced by the field trajectories to create
a meaningful image (in the valley) from the apparently
senseless patterns of successful initial conditions.

FIG. 7: Structure of the successful “isolated points” (in red)
together with their images (in black) defined by the point
of the trajectory at which the velocities of the fields vanish.
The structure in red can be seen as the “anamorphosis” of
the patterns of successful inflation in black. In this analogy
the trajectories of the light on the optic device in order to
create a meaningful image are replaced by the trajectories of
the system in field space to create a meaningful image (in the
valley) from the apparently senseless red patterns. This is
obtained for M = 0.03mpl, m = 10−6mpl, λ = λ′ = 1.

3. Dependencies on the parameters

The grid of initial conditions, and therefore the
proportion of successful points in a given range of initial
values naturally depend on the values of the parameters
of the potential. Three physical quantities are of interest
to study this evolution: the width of the inflationary
valley, proportional to ψw ∝ M

√
λ/λ′, its length con-

trolled by the critical value φc = M
√

λ/λ′, the depth of
the global minima of the potential given by V0 ∝ λM4,
and the gradient of the potential α =" λ′/(λ + λ′).

a. Evolution of the limit of A-type trajectories At
small φ, a smaller λ induces a narrower inflationary val-
ley, and therefore fewer successful initial conditions. At
large φ, the slope α in Eq. (16), is mostly a function of the
coupling constants. For a smaller value of λ, the slope of
the limit increases as represented on Fig. 8. For smaller
value of λ′, the slope of the limit is reduced (see Fig. 9).
This effect is due to the potential now dominated by the
λψ4 term, depending less on φ. Thus the velocity in the
ψ direction is enhanced compared to the φ one.
As long as the mass m2 of φ is subdominant compared

to λ′ψ2, its variation don’t affect the form of the unsuc-
cessful region or the amount of anamorphosis. Increasing
the mass m above this limit increases the velocity in the
φ direction and tends to spoil the slow roll evolution in

FIG. 8: Grid of initial conditions, for hybrid potential with
M = 0.03mpl, m = 10−6mpl, λ = 0.1, λ′ = 1.

FIG. 9: Grid of initial conditions, for hybrid potential with
M = 0.03mpl, m = 10−6mpl, λ = 1, λ′ = 0.1.

the inflationary valley. The consequences are explored in
a paragraph below.

b. Evolution of the amount of C-type trajectories A
similar explanation can be given to justify the absence of
isolated points for small values of λ′ (see Fig. 9). Even
though the width of the valley is larger, the potential is
then dominated by the λψ4 term and the φ-component
of the velocity becomes small. Thus the chances for
the system to climb up the valley are suppressed. For

λ = λ′ = 1, M = 0.03 mpl, m = 10−6 mpl
8

radial and the trajectory longer. To describe this limit
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only are created. What is then the difference between
the D-type and the C-type trajectories ? Such a tra-
jectory is represented in field space in Fig. 6. In these
cases, the fields roll toward the bottom of the potential
with sufficient kinetic energy and, after some oscillations
close to the bottom of the potential, its momentum is “by
chance” oriented toward the inflationary valley. Thus the
system goes up the valley until it looses its kinetic energy
and then starts slow-rolling back down the same valley
producing inflation with a large number of e-folds. Note
that these points are mostly found in a thin band un-
der the limit of type-A trajectories. This is because, at
higher φi, there are more chances to find a trajectory
where the momentum at the bottom of the potential is
oriented toward the inflationary valley.

High resolution grids and zooms on peculiar regions
show that these apparently random isolated points form
a complex structure of long thin lines and pieces of disks.
Some of these structures for small initial conditions are
visible on Fig. 7 below. We observe structures of points,
organized in long thin lines, or croissants. The few points
that seem isolated actually belong to structures that a
better resolution would show. These results are in agree-
ment with [28] but are not recovered in [30] where only

FIG. 6: More detailed description of the field values during
a type-C trajectory as defined on Fig. 4. This is a zoom of
the trajectory close to the bottom of the potential. One can
notice that the system quickly rolls down while few e-folds are
produced before “accidently” climbing up the valley. Then
it starts a second efficient phase of inflation like a type-A
trajectory.

isolated points are found. This may be explained by the
need of a higher resolution to resolve the structures. A
detailed analysis of trajectories shows that for each con-
tinuous successful region corresponds a unique number of
crossings the φ = 0 axis by the trajectory before climbing
up and going back down the inflationary valley along the
ψ = 0 direction.

For each of these type-C trajectories, we can identify
the point (that we will call the “image”) on the infla-
tionary valley at which the velocities of the fields become
(quasi)null5. We show the robustness of the previous de-
scription of the type C trajectories, by observing that all
these images are in the successful narrow band responsi-
ble for the type-A trajectories. More precisely, the images
obtained populate exactly the narrow band as described
in the paragraph about type-A trajectories. As a con-
clusion each successful point in the unsuccessful region
corresponds to a point in the narrow successful band.
The identification between the isolated points and their
images in the inflationary valley is represented on Fig. 7,
when restricting ourselves to the positive plane. Using
the analogy with optical anamorphosis, we can say that
the observed structure of the isolated points generates
by anamorphosis the successful narrow band around the
inflationary valley, the potential playing the role of the
optical instrument used to create the meaningful image.
In this analogy the trajectories of the light rays on the

5 In reality there exist two different inflationary valleys since the
potential is invariant under φ → −φ one going toward φ > 0
and one going φ < 0. Some of these type-C initial conditions
give rise to inflation thanks to the first valley when the others
will realize inflation in the second. Obviously the two situations
are equivalent and symmetric, just like the value of the initial
condition that could be taken in the negative plane. We will
only present initial values of the potential that are positive and
images that are in the positive valley.

xx

1. Hybrid Inflation

2. Fine-tuning of  
       initial conditions

3. How to avoid 
     fine-tuning?

  - Space of  
   Initial Conditions

  - Anamorphosis
    points
  

4.  Robustness of  
        predictions:
          3 others models

   - Smooth Inflation

   -  Shifted Inflation

   -  Radion Inflation

5.  Conclusions and
         Perspectives

      Questions...

Inflation



3. How to avoid fine-tuning ?

• Anamorphosis points:
9

optic device are replaced by the field trajectories to create
a meaningful image (in the valley) from the apparently
senseless patterns of successful initial conditions.

FIG. 7: Structure of the successful “isolated points” (in red)
together with their images (in black) defined by the point
of the trajectory at which the velocities of the fields vanish.
The structure in red can be seen as the “anamorphosis” of
the patterns of successful inflation in black. In this analogy
the trajectories of the light on the optic device in order to
create a meaningful image are replaced by the trajectories of
the system in field space to create a meaningful image (in the
valley) from the apparently senseless red patterns. This is
obtained for M = 0.03mpl, m = 10−6mpl, λ = λ′ = 1.

3. Dependencies on the parameters

The grid of initial conditions, and therefore the
proportion of successful points in a given range of initial
values naturally depend on the values of the parameters
of the potential. Three physical quantities are of interest
to study this evolution: the width of the inflationary
valley, proportional to ψw ∝ M

√
λ/λ′, its length con-

trolled by the critical value φc = M
√

λ/λ′, the depth of
the global minima of the potential given by V0 ∝ λM4,
and the gradient of the potential α =" λ′/(λ + λ′).

a. Evolution of the limit of A-type trajectories At
small φ, a smaller λ induces a narrower inflationary val-
ley, and therefore fewer successful initial conditions. At
large φ, the slope α in Eq. (16), is mostly a function of the
coupling constants. For a smaller value of λ, the slope of
the limit increases as represented on Fig. 8. For smaller
value of λ′, the slope of the limit is reduced (see Fig. 9).
This effect is due to the potential now dominated by the
λψ4 term, depending less on φ. Thus the velocity in the
ψ direction is enhanced compared to the φ one.
As long as the mass m2 of φ is subdominant compared

to λ′ψ2, its variation don’t affect the form of the unsuc-
cessful region or the amount of anamorphosis. Increasing
the mass m above this limit increases the velocity in the
φ direction and tends to spoil the slow roll evolution in

FIG. 8: Grid of initial conditions, for hybrid potential with
M = 0.03mpl, m = 10−6mpl, λ = 0.1, λ′ = 1.

FIG. 9: Grid of initial conditions, for hybrid potential with
M = 0.03mpl, m = 10−6mpl, λ = 1, λ′ = 0.1.

the inflationary valley. The consequences are explored in
a paragraph below.

b. Evolution of the amount of C-type trajectories A
similar explanation can be given to justify the absence of
isolated points for small values of λ′ (see Fig. 9). Even
though the width of the valley is larger, the potential is
then dominated by the λψ4 term and the φ-component
of the velocity becomes small. Thus the chances for
the system to climb up the valley are suppressed. For

λ = λ′ = 1, M = 0.03 mpl, m = 10−6 mpl

1. Hybrid Inflation

2. Fine-tuning of  
       initial conditions

3. How to avoid 
     fine-tuning?

  - Space of  
   Initial Conditions

  - Anamorphosis
    points
  

4.  Robustness of  
        predictions:
          3 others models

   - Smooth Inflation

   -  Shifted Inflation

   -  Radion Inflation

5.  Conclusions and
         Perspectives

      Questions...



3. How to avoid fine-tuning ?

• Anamorphosis points:
9

optic device are replaced by the field trajectories to create
a meaningful image (in the valley) from the apparently
senseless patterns of successful initial conditions.

FIG. 7: Structure of the successful “isolated points” (in red)
together with their images (in black) defined by the point
of the trajectory at which the velocities of the fields vanish.
The structure in red can be seen as the “anamorphosis” of
the patterns of successful inflation in black. In this analogy
the trajectories of the light on the optic device in order to
create a meaningful image are replaced by the trajectories of
the system in field space to create a meaningful image (in the
valley) from the apparently senseless red patterns. This is
obtained for M = 0.03mpl, m = 10−6mpl, λ = λ′ = 1.

3. Dependencies on the parameters

The grid of initial conditions, and therefore the
proportion of successful points in a given range of initial
values naturally depend on the values of the parameters
of the potential. Three physical quantities are of interest
to study this evolution: the width of the inflationary
valley, proportional to ψw ∝ M

√
λ/λ′, its length con-

trolled by the critical value φc = M
√

λ/λ′, the depth of
the global minima of the potential given by V0 ∝ λM4,
and the gradient of the potential α =" λ′/(λ + λ′).

a. Evolution of the limit of A-type trajectories At
small φ, a smaller λ induces a narrower inflationary val-
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λψ4 term, depending less on φ. Thus the velocity in the
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4. Robustness of predictions

• Smooth inflation: (Lazarides, Panagiotakopoulos, hep-ph/9506325)

Effective 2-field potential (SUSY):

2 valleys and a flat               direction ⇒ No topological defects

V (φ, ψ) = κ2

(
M2 − ψ4

m2
Pl

)2

+ 2κ2φ2 ψ6

m4
Pl

ψ = 0

12

FIG. 11: Grid of initial conditions for smooth inflation, with
κ = 1, M = 10−2mpl.

FIG. 12: Grid of initial conditions for smooth inflation, using
the values of the parameters of [32]: κ ! 10.3, M ! 2 ×

10−5mpl.

sets of parameters to study this dependance. These re-
sults are summarized in the Tab. II at the end of this
section. We conclude that for the smooth hybrid model,

sufficiently long inflation can be generic, even restricting
to sub-planckian fields, as long as M is sufficiently small.

C. Shifted Inflation

1. The potential

The shifted inflation model, proposed by Jeannerot et
al. [40] is similar to the smooth inflation model, but the
additional Z2 symmetry of smooth inflation is not im-
posed anymore. Thus the superpotential reads [40]

W sh = κS(−M2 + Φ̄Φ) − βS(Φ̄Φ)2 . (24)

This gives rise to the following F-terms contributions to
the scalar potential, in the context of global supersym-
metry

V sh =
∣

∣−κM2 + κΦ̄Φ − β(Φ̄Φ)2
∣

∣

2

+ κ2 |S|2
(

∣

∣Ψ̄
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∣

2
+ |Ψ|2

)

∣

∣

∣

∣

1 − 2
β

κ
Φ̄Φ

∣

∣

∣

∣

2

,
(25)

where we have used the same letter to denote the su-
perfields and their scalar component. We can define the
relevant fields ψ̄ and ψ as the components of Φ̄ and Φ
that generate the breaking of the group G. We can de-
fine the inflaton field as φ ≡ |S| and choose to set β > 0.
It is usually assumed the flat direction ψ̄∗ = ψ, so that
the potential doesn’t receive any contributions from the
D-terms and the potential becomes,

V sh
eff (φ, ψ) = κ2

(

ψ2 − M2 −
β

κ
ψ4

)2

+ 2κ2φ2ψ2

(

1 −
2β

κ
ψ2

)2

.

(26)

In the limit of negligible β/κ, one recovers the same po-
tential as for the original hybrid model, that is with a
valley of local minima for ψ = 0. As β/κ increases, two
symmetric valleys appear, parallel to the central one as
represented on Fig. 13. As β/κ increases, the new valleys
become closer to the central ψ = 0 valley. The central
valley corresponds to a local minima at large φ and be-
comes, as φ rolls toward 0, a local maxima at which point,
two additional valleys appear.

Assuming a large φ field initially, inflation can be realized
along one of the three valleys and then slow rolling of φ
along it at almost constant ψ. Inflation stops when the
fields oscillate and settle in one of the global minima of
the potential.

2. Space of initial conditions

The grids of initial conditions leading or not to infla-
tion are represented on Figs. 14, and 15 for two values

κ = 10.3, M = 2× 10−5 mpl
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κ = 1, M = 10−2mpl.
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sets of parameters to study this dependance. These re-
sults are summarized in the Tab. II at the end of this
section. We conclude that for the smooth hybrid model,

sufficiently long inflation can be generic, even restricting
to sub-planckian fields, as long as M is sufficiently small.

C. Shifted Inflation

1. The potential

The shifted inflation model, proposed by Jeannerot et
al. [40] is similar to the smooth inflation model, but the
additional Z2 symmetry of smooth inflation is not im-
posed anymore. Thus the superpotential reads [40]

W sh = κS(−M2 + Φ̄Φ) − βS(Φ̄Φ)2 . (24)

This gives rise to the following F-terms contributions to
the scalar potential, in the context of global supersym-
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where we have used the same letter to denote the su-
perfields and their scalar component. We can define the
relevant fields ψ̄ and ψ as the components of Φ̄ and Φ
that generate the breaking of the group G. We can de-
fine the inflaton field as φ ≡ |S| and choose to set β > 0.
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the potential doesn’t receive any contributions from the
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In the limit of negligible β/κ, one recovers the same po-
tential as for the original hybrid model, that is with a
valley of local minima for ψ = 0. As β/κ increases, two
symmetric valleys appear, parallel to the central one as
represented on Fig. 13. As β/κ increases, the new valleys
become closer to the central ψ = 0 valley. The central
valley corresponds to a local minima at large φ and be-
comes, as φ rolls toward 0, a local maxima at which point,
two additional valleys appear.

Assuming a large φ field initially, inflation can be realized
along one of the three valleys and then slow rolling of φ
along it at almost constant ψ. Inflation stops when the
fields oscillate and settle in one of the global minima of
the potential.

2. Space of initial conditions

The grids of initial conditions leading or not to infla-
tion are represented on Figs. 14, and 15 for two values
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4. Robustness of predictions

• Shifted inflation: (Jeannerot, Khalil, Lazarides, Shafi,  hep-ph/0002151)

Effective 2-field potential (SUSY):

                                         1 central + 2 parallel valleys 
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+ 2κ2φ2ψ2

(
1− 2

β

κ
ψ

)2

14

FIG. 15: Grid of initial conditions leading or not to infla-
tion, for the shifted potential with M = 0.1mpl, κ = 1, and
β = 0.1m−2

pl . Some trajectories in field space have been rep-
resented to identify where local maxima and minima are.

is to generate a sufficiently flat inflaton potential, pro-
tected by gauge symmetries because the inflaton field is
part of a gauge field. As a consequence, it is safe to con-
sider super-planckian values for the inflaton field. Be-
cause its potential is similar to the (smooth) hybrid one,
this model is also interesting to determine how generic
the properties of initial conditions observed for hybrid
inflation in the previous sections are, for different types
of models, originating from different high energy frame-
works.

2. The potential

In the simplest version of these models it is assumed
an effective 5-dimensional universe, one of the dimension
being compactified with a radius9 R. In the gauge infla-
tion model, a gauge symmetry is assumed together with a
gauge field (Aµ, A5). The inflaton field is proportional to
the phase θ of a Wilson loop wrapped around the com-
pact dimension θ =

∮

dx5A5. The full inflaton field is
constructed with the symmetry breaking scale f of the
gauge symmetry φ ≡ fθ. Its potential is flat at tree level

9 The effective 4-dimensional (reduced) Planck mass is related to
the 5-dimension Planck mass M5 by M2

pl = 2πRM3
5 .

but at one-loop, takes the form of an axion-like potential

V (φ) ∝
1

R4
cos(φ/f). (27)

The potential is protected from non-renormalizable
operators, suppressed by powers of 1/R, while non-
perturbative quantum gravity corrections can be sup-
pressed [44, 45]. Another motivation concerns the initial
homogeneity of the inflaton field, necessary for inflation
to start. Finally, since the inflaton is a phase, one can
show [42] that the probability to have a sufficiently ho-
mogeneous distribution of the field is quite large.

The “radion assisted” gauge inflation differs from stan-
dard gauge inflation by assuming a varying radius of the
extra-dimension R, around a central value R0. The “ra-
dion” field is defined by10 ψ ≡ (2πR)−1 and is subject to
a potential for which R0 is assumed to be the minimum
(for the late time stability of the extra-dimension). The
simplest way to implement this stabilization is to use a
Higgs-type potential for ψ. By expanding, at first order,
the potential of Eq. (27), and by adding the Higgs-type
sector, the full scalar potential reads [24]

V (φ, ψ) =
1

4

φ2

f2
ψ4 +

λ

4

(

ψ2 − ψ2
0

)2
. (28)

where ψ0 = (2πR0)−1. This potential is similar to the
hybrid potential discussed in the last section. It is flat
for ψ = 0 which corresponds to a global maxima. For a
given φ, the minima of the potential are located in the
valleys

〈ψ〉2 =
ψ2

0

1 + φ2/(λf2)
. (29)

More than 60 e-folds of inflation can occur in this throat.

3. Space of initial conditions

Regarding the allowed parameter space that can be
studied, since ψ is the inverse of the radius of an extra-
dimension and thus quantum gravity effects are expected
to dominate when the field gets larger than the five di-
mensional Planck mass. Thus superplanckian values of
ψ or ψ0 should not be taken into account if one doesn’t
consider the potential of Eq. (28) as a toy model. For the
first set of values of the parameters (ψ0 = 10−2mpl, f =
mpl, λ = 10−5), the grid of initial conditions is very sim-
ilar to the hybrid case, with a triangular unsuccessful

10 In our simulations below, we allowed the ψ field to take negative
values because the symmetries of the potential allow to redefine
the field as

|ψ| ≡ (2πR)−1 ,

so that the length of the extra-dimension stays positive.
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4. Robustness of predictions
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FIG. 15: Grid of initial conditions leading or not to infla-
tion, for the shifted potential with M = 0.1mpl, κ = 1, and
β = 0.1m−2

pl . Some trajectories in field space have been rep-
resented to identify where local maxima and minima are.

is to generate a sufficiently flat inflaton potential, pro-
tected by gauge symmetries because the inflaton field is
part of a gauge field. As a consequence, it is safe to con-
sider super-planckian values for the inflaton field. Be-
cause its potential is similar to the (smooth) hybrid one,
this model is also interesting to determine how generic
the properties of initial conditions observed for hybrid
inflation in the previous sections are, for different types
of models, originating from different high energy frame-
works.

2. The potential

In the simplest version of these models it is assumed
an effective 5-dimensional universe, one of the dimension
being compactified with a radius9 R. In the gauge infla-
tion model, a gauge symmetry is assumed together with a
gauge field (Aµ, A5). The inflaton field is proportional to
the phase θ of a Wilson loop wrapped around the com-
pact dimension θ =

∮

dx5A5. The full inflaton field is
constructed with the symmetry breaking scale f of the
gauge symmetry φ ≡ fθ. Its potential is flat at tree level

9 The effective 4-dimensional (reduced) Planck mass is related to
the 5-dimension Planck mass M5 by M2
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but at one-loop, takes the form of an axion-like potential

V (φ) ∝
1

R4
cos(φ/f). (27)

The potential is protected from non-renormalizable
operators, suppressed by powers of 1/R, while non-
perturbative quantum gravity corrections can be sup-
pressed [44, 45]. Another motivation concerns the initial
homogeneity of the inflaton field, necessary for inflation
to start. Finally, since the inflaton is a phase, one can
show [42] that the probability to have a sufficiently ho-
mogeneous distribution of the field is quite large.

The “radion assisted” gauge inflation differs from stan-
dard gauge inflation by assuming a varying radius of the
extra-dimension R, around a central value R0. The “ra-
dion” field is defined by10 ψ ≡ (2πR)−1 and is subject to
a potential for which R0 is assumed to be the minimum
(for the late time stability of the extra-dimension). The
simplest way to implement this stabilization is to use a
Higgs-type potential for ψ. By expanding, at first order,
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sector, the full scalar potential reads [24]
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where ψ0 = (2πR0)−1. This potential is similar to the
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for ψ = 0 which corresponds to a global maxima. For a
given φ, the minima of the potential are located in the
valleys
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More than 60 e-folds of inflation can occur in this throat.
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Regarding the allowed parameter space that can be
studied, since ψ is the inverse of the radius of an extra-
dimension and thus quantum gravity effects are expected
to dominate when the field gets larger than the five di-
mensional Planck mass. Thus superplanckian values of
ψ or ψ0 should not be taken into account if one doesn’t
consider the potential of Eq. (28) as a toy model. For the
first set of values of the parameters (ψ0 = 10−2mpl, f =
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10 In our simulations below, we allowed the ψ field to take negative
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tion, for the shifted potential with M = 0.1mpl, κ = 1, and
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resented to identify where local maxima and minima are.

is to generate a sufficiently flat inflaton potential, pro-
tected by gauge symmetries because the inflaton field is
part of a gauge field. As a consequence, it is safe to con-
sider super-planckian values for the inflaton field. Be-
cause its potential is similar to the (smooth) hybrid one,
this model is also interesting to determine how generic
the properties of initial conditions observed for hybrid
inflation in the previous sections are, for different types
of models, originating from different high energy frame-
works.

2. The potential

In the simplest version of these models it is assumed
an effective 5-dimensional universe, one of the dimension
being compactified with a radius9 R. In the gauge infla-
tion model, a gauge symmetry is assumed together with a
gauge field (Aµ, A5). The inflaton field is proportional to
the phase θ of a Wilson loop wrapped around the com-
pact dimension θ =

∮

dx5A5. The full inflaton field is
constructed with the symmetry breaking scale f of the
gauge symmetry φ ≡ fθ. Its potential is flat at tree level

9 The effective 4-dimensional (reduced) Planck mass is related to
the 5-dimension Planck mass M5 by M2

pl = 2πRM3
5 .

but at one-loop, takes the form of an axion-like potential

V (φ) ∝
1

R4
cos(φ/f). (27)

The potential is protected from non-renormalizable
operators, suppressed by powers of 1/R, while non-
perturbative quantum gravity corrections can be sup-
pressed [44, 45]. Another motivation concerns the initial
homogeneity of the inflaton field, necessary for inflation
to start. Finally, since the inflaton is a phase, one can
show [42] that the probability to have a sufficiently ho-
mogeneous distribution of the field is quite large.

The “radion assisted” gauge inflation differs from stan-
dard gauge inflation by assuming a varying radius of the
extra-dimension R, around a central value R0. The “ra-
dion” field is defined by10 ψ ≡ (2πR)−1 and is subject to
a potential for which R0 is assumed to be the minimum
(for the late time stability of the extra-dimension). The
simplest way to implement this stabilization is to use a
Higgs-type potential for ψ. By expanding, at first order,
the potential of Eq. (27), and by adding the Higgs-type
sector, the full scalar potential reads [24]

V (φ, ψ) =
1

4

φ2

f2
ψ4 +

λ

4

(

ψ2 − ψ2
0

)2
. (28)

where ψ0 = (2πR0)−1. This potential is similar to the
hybrid potential discussed in the last section. It is flat
for ψ = 0 which corresponds to a global maxima. For a
given φ, the minima of the potential are located in the
valleys

〈ψ〉2 =
ψ2

0

1 + φ2/(λf2)
. (29)

More than 60 e-folds of inflation can occur in this throat.

3. Space of initial conditions

Regarding the allowed parameter space that can be
studied, since ψ is the inverse of the radius of an extra-
dimension and thus quantum gravity effects are expected
to dominate when the field gets larger than the five di-
mensional Planck mass. Thus superplanckian values of
ψ or ψ0 should not be taken into account if one doesn’t
consider the potential of Eq. (28) as a toy model. For the
first set of values of the parameters (ψ0 = 10−2mpl, f =
mpl, λ = 10−5), the grid of initial conditions is very sim-
ilar to the hybrid case, with a triangular unsuccessful

10 In our simulations below, we allowed the ψ field to take negative
values because the symmetries of the potential allow to redefine
the field as

|ψ| ≡ (2πR)−1 ,

so that the length of the extra-dimension stays positive.
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FIG. 16: Grid of initial conditions for radion potential, with
ψ0 = 10−2mpl, f = 1mpl, λ = 10−5.

region, and a generic successful inflation at larger values
of the fields (see Fig. 16 below).

Many successful trajectories also appear in the unsuc-
cessful area (type-C trajectories), for sufficiently small
values of λ. We observe a slightly higher successful area,
compared to the hybrid case: for φi, ψi < Mpl, more than
20% of the points are successful. Grids for different val-
ues of the parameter M show a behavior similar to the
hybrid model. However, varying λ is a major impact on
the amount of type-C trajectories as shown in Fig. 17.
Note that the transition between the successful and un-
successful region in Fig. 17 is less abrupt in this model.
This is because for large values of ψ and our choice of
f , the effective mass for the inflaton field is higher than
what was assumed in the original hybrid inflation case.
Therefore the rolling is not as slow and inflation requires
a larger variation of φ to produce the same number of
e-folds.

Our results on the proportion of successful initial con-
ditions for all models and all values of parameters studied
in this paper are summarized in the Tab. II below. For
comparison the results for the original hybrid model are
recalled.

From the different grids of initial values for the vari-
ous models studied in this paper, it is obvious that if we
don’t require that the fields are smaller than the reduced
Planck mass, the proportion of successful initial condi-
tions will tend toward 100%. Therefore, we have also
conducted the same quantification with the requirement
φi, ψi < 5mpl, given in Tab. III below. This quantifi-
cation has been computed only to give an information

FIG. 17: Grid of initial conditions for radion inflation for the
parameters of [24]: ψ0 = 10−2mpl, f = 1mpl, λ = 10−3.

about how fast the proportion of successful initial condi-
tions increases when the space of allowed initial values is
enlarged.

IV. CONCLUSIONS

Hybrid inflation is a class of models of inflation highly
motivated by high energy physics. In these models, the
inflaton field is assumed to be coupled to a Higgs-type
auxiliary field that ends inflation by instability, when
the Higgs-type field develops a non-vanishing expecta-
tion value. Two of its main well-know problems - the
blue spectrum of the non-supersymmetric version of the
model and the fine-tuning of the initial conditions of the
fields - are re-analyzed.

Firstly, we found that the original hybrid model can
generate a red spectrum by two means. The waterfall
ending inflation can take place in the large field phase,
or a constraint on the mass scale µ implies a violation
of the slow-roll conditions and ensure the non-existence
of the small field phase. In both cases, the spectral in-
dex generated is less than unity (see Fig. 3). It is worth
noticing that any value of the spectral index can be ac-
commodated by the model, including the best fit from
current data.

When considering the full two-field potential, it was
found [29–31] that the original model suffers from fine-
tuning of the initial values of the fields to generate a
sufficiently long inflationary phase. Indeed, the space
of successful inflation was thought to be composed of a
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region, and a generic successful inflation at larger values
of the fields (see Fig. 16 below).
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cessful area (type-C trajectories), for sufficiently small
values of λ. We observe a slightly higher successful area,
compared to the hybrid case: for φi, ψi < Mpl, more than
20% of the points are successful. Grids for different val-
ues of the parameter M show a behavior similar to the
hybrid model. However, varying λ is a major impact on
the amount of type-C trajectories as shown in Fig. 17.
Note that the transition between the successful and un-
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f , the effective mass for the inflaton field is higher than
what was assumed in the original hybrid inflation case.
Therefore the rolling is not as slow and inflation requires
a larger variation of φ to produce the same number of
e-folds.

Our results on the proportion of successful initial con-
ditions for all models and all values of parameters studied
in this paper are summarized in the Tab. II below. For
comparison the results for the original hybrid model are
recalled.

From the different grids of initial values for the vari-
ous models studied in this paper, it is obvious that if we
don’t require that the fields are smaller than the reduced
Planck mass, the proportion of successful initial condi-
tions will tend toward 100%. Therefore, we have also
conducted the same quantification with the requirement
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cation has been computed only to give an information
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tions increases when the space of allowed initial values is
enlarged.

IV. CONCLUSIONS

Hybrid inflation is a class of models of inflation highly
motivated by high energy physics. In these models, the
inflaton field is assumed to be coupled to a Higgs-type
auxiliary field that ends inflation by instability, when
the Higgs-type field develops a non-vanishing expecta-
tion value. Two of its main well-know problems - the
blue spectrum of the non-supersymmetric version of the
model and the fine-tuning of the initial conditions of the
fields - are re-analyzed.

Firstly, we found that the original hybrid model can
generate a red spectrum by two means. The waterfall
ending inflation can take place in the large field phase,
or a constraint on the mass scale µ implies a violation
of the slow-roll conditions and ensure the non-existence
of the small field phase. In both cases, the spectral in-
dex generated is less than unity (see Fig. 3). It is worth
noticing that any value of the spectral index can be ac-
commodated by the model, including the best fit from
current data.

When considering the full two-field potential, it was
found [29–31] that the original model suffers from fine-
tuning of the initial values of the fields to generate a
sufficiently long inflationary phase. Indeed, the space
of successful inflation was thought to be composed of a
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5. Conclusions and perspectives

✦ Hybrid inflation:

    - Two ways to avoid the fine-tuning problem of  initial field values
• Extend the field-space to super-planckian values 
• Anamorphosis successful points (up to 20 % )  

✦ Hybrid-type models:

- Observations seem to be robust
        • Smooth inflation:  up to 50% due to anamorphosis 
        • Shifted inflation:   new unsuccessful zone due to parallel valley 
        • Radion inflation:  trans-planckian field justified
                                         up to 25% due to anamorphosis
✦ Perspectives:

        • Fine-tuning problem in F-term and D-term inflation ?
        • Other hybrid-type models ?
        • Effect of  initial speeds ?
        • Spectral index ?
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Thank you for your attention...
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FIG. 1: First Hubble-flow parameter ε1, function of the infla-
ton field, during its evolution started in the large field phase,
in the slow-roll approximation (red !) and from the exact
dynamics (blue !). The curves correspond to µ = 0.1mpl

(dashed line) , µ = 0.4mpl (solid line).

may think that inflation always takes place for φ < φmax.
However, exact numerical results show that this conclu-
sion is erroneous: ε1 does not necessarily become negligi-
ble when the field vanishes (see the dashed blue curve).
As a consequence, inflation does not necessarily produce
the last 60 e-folds in the small field regime (φ < φmax).
One could think that the small field phase will however
always appear after some oscillations of φ around φ = 0,
since finally, ε1 always tend to 0. But this does not take
into account the instability due to the auxiliary field that
forces the evolution to stop before reaching φ = 0.

From Fig. 1, it is clear that the presence or not of
small field phase of inflation depend on the parameter
µ (difference between the dashed and plain curves). In
order to measure the efficiency/existence of this second
phase of inflation, we have plotted on Fig. 2 the number
of e-folds created between φmax and φ = 0 as a function
of µ. This shows that there exists a critical value

µcrit ! 0.32 mpl, (8)

under which the second phase of inflation will only
marginally contribute to the generation of e-folds. In this
case, the period of inflation where the observable modes
become super-Hubble will always take place in the large
field phase !(φ > φmax) provided φi > φmax.!In this
case, the potential of hybrid inflation leads to a chaotic-
like inflation, independently of the way inflation ends.
This has important consequences for the generated spec-
tral index.

2. Scalar spectral index

At first order in slow-roll parameters, the spectral in-
dex of the scalar power spectrum Pζ can be expressed

FIG. 2: Number of e-folds created between φmax and the end
of inflation, when slow-roll is not assumed. There exist a
critical value of the parameter µ under which a second phase
of inflation only marginally creates any e-folds. At the critical
value, the number of e-folds created in the second phase of
inflation diverges showing that this second phase is in slow-
roll and is very efficient.

as [46, 49]

ns − 1 ≡
dPζ

d ln k

∣

∣

∣

∣

k=k∗

= −2ε1∗ − ε2∗, (9)

where a star means that the quantity is evaluated when
at Hubble crossing aH = k∗, k∗ being a pivot scale in
the range of observable modes.

Recent experimental results from WMAP 5-years [12]
have a best fit at ns ! 0.96 and disfavor a value of
the scalar spectral index greater than unity at almost
95% confidence level (CL). From this observation, hy-
brid models have recently been considered as disfavored.
Indeed, in the slow-rolling effective one-field model, as
shown at the previous section, the last 60 e-folds of in-
flation are realized in the small field phase characterized
by a negative ε2 and a negligibly small ε1 which induces
necessarily a blue spectrum.

However, according to our results at the previous sec-
tion, we argue that there exist two mechanisms to pro-
duce a red spectrum within the standard hybrid inflation
model along the valley ψ = 0. There are two ways of
forcing the small field inflation phase not to take place,
either by instability or by violation of the slow-roll con-
dition. In both case, the consequence is that the spectral
index generated is below 1 as represented on Fig. 3. Note
that any values of the spectral index !can be actually
accommodated by the model, including the best fit for
WMAP5 data.!

a. When the critical point of instability is in the large
field phase. The first way to obtain a red spectrum is
to destabilize inflation with the waterfall field at some
stage during the large field phase or at most at the peak,
φc ≥ φmax, independently of µ. Indeed, for φ % φmax,
the inflaton potential is of the form V ! m2φ2/2 for
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4
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3. How to avoid fine-tuning ?

• Super-Planckian initial conditions:6

values and the number of e-folds as a function of time.
Choosing to end simulations when inflation is violated
would have not allowed us to study trajectories where
inflation is transiently interrupted as it may happen (see
Sec II A 1). Therefore, we chose to end the numerical in-
tegration when the trajectory is sure to be trapped by
one of the two global minima, because at that point, no
more e-folds will be produced. This is realized when the
sum of the kinetic and potential energy of the fields is
equal to the height of the potential barrier between the
vacua, i.e. when

λM4 =
1

2

(

φ̇2 + ψ̇2
)

+ V (φ, ψ). (14)

We have defined “successful inflation” as a period that
lasts at least for 60 e-folds4.

Let us mention that our aim here is not to provide
the best fit to the cosmological data but to explore the
genericity of inflation within the hybrid class of models.
However, notice that the COBE normalisation can al-
ways be achieved by a rescaling of the potential without
affecting the inflaton dynamics.

On Fig. 4 the grid of initial values is presented for the
original hybrid inflation model of Eq. (1). For values of
parameters comparable to those used in [29] and [31], we
have put in evidence three types of trajectories in the
fields space to obtain successful inflation. An example of
each has been represented on Fig. 4 and identified by a
letter A, B, or C whereas an example of a failed trajec-
tory is identified by a D. The details of these trajectories
are represented on Fig. 5 where the values of the fields for
three trajectories are plotted as a function of the number
of e-folds. A more detailed description of the more inter-
esting type-C trajectory is represented on Fig. 6. Each
trajectory is described and explained below.

a. Trajectory A: along the valley This region of suc-
cessful inflation corresponds to a narrow band along the
ψ = 0 line and is the standard evolution. Trajecto-
ries are characterized first by damped oscillations around
the inflationary valley which does not produce a signifi-
cant number of e-folds. However once the oscillations are
damped, the evolution is identical to the one for the effec-
tive one-field potential and inflation becomes extremely
efficient in terms of e-folds created. This explains the
abrupt transition observed on Fig. 4 along a vertical line
(parallel to the φ-axis) going from the unsuccessful to
the successful region. The difference between two close
points in each region is that for the successful ones, the

4 Note that the number of e-folds required to solve the horizon
problem actually depends on the energy at which inflation is
realized or the reheating temperature [9, 50, 51]

Nhorizon = 62 − ln(1016GeV/V 1/4
end

) −
1

3
ln(V 1/4

end
/ρ1/4

reh
)

. Here we will assume that inflation take place at high energy,
close to the GUT scale.

FIG. 4: Grid of initial conditions leading to successful (white
regions) and unsuccessful inflation (colored region), for the
original hybrid inflation with λ = λ′ = 1, m = 10−6mpl and
M = 0.03mpl. The color code denotes the number of e-folds
realized. Three typical successful trajectories [in the valley
(A), radial (B), and from an isolated point (C)] are added
as well as an unsuccessful trajectory (point D). Also plotted
are the iso-curves of ε1, in the slow-roll approximation, for
ε1 = 0.022, 0.02, 0.0167 and 0.015 (from left to right).

system just has the right amount of time for the oscilla-
tions to become damped before entering the global mini-
mum where inflation ends. For larger initial values of the
φ field (around and above the Planck mass), the narrow
band of successful inflation opens up and inflation is al-
ways successful (in agreement with [29, 30]. In this region
(at the top of Fig. 4), it is always possible for the oscil-
lations to become damped and for the efficient regime
of inflation to start before the end of inflation: the fine-
tuning on the initial conditions disappears at large values
of φ for any values of ψ. This behavior is similar to
the chaotic inflation model, where [52] super-planckian
values are necessary to have a long enough inflationary
phase.

By comparing the time necessary for the expansion to
damp the oscillations and the time taken by the inflaton
to reach the critical point of instability, an analytical
approximation of the width ψw of the narrow successful
band has been proposed in [29],

ψw !
√

3λπ3

4λ′
M. (15)

This provides a good fit of the width of the inflation-
ary valley at small φ " mpl. This successful band is

λ = λ′ = 1, M = 0.03 mpl, m = 10−6 mpl
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3. How to avoid fine-tuning ?

• Super-Planckian initial conditions:

Variation of  potential parameters:

• λ’  reduced 
⇒ slope of  the transition reduced 
⇒ less “isolated” points

• M or λ increases
⇒ less “isolated” points

• m has no effect until it is small
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equal to the height of the potential barrier between the
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We have defined “successful inflation” as a period that
lasts at least for 60 e-folds4.

Let us mention that our aim here is not to provide
the best fit to the cosmological data but to explore the
genericity of inflation within the hybrid class of models.
However, notice that the COBE normalisation can al-
ways be achieved by a rescaling of the potential without
affecting the inflaton dynamics.

On Fig. 4 the grid of initial values is presented for the
original hybrid inflation model of Eq. (1). For values of
parameters comparable to those used in [29] and [31], we
have put in evidence three types of trajectories in the
fields space to obtain successful inflation. An example of
each has been represented on Fig. 4 and identified by a
letter A, B, or C whereas an example of a failed trajec-
tory is identified by a D. The details of these trajectories
are represented on Fig. 5 where the values of the fields for
three trajectories are plotted as a function of the number
of e-folds. A more detailed description of the more inter-
esting type-C trajectory is represented on Fig. 6. Each
trajectory is described and explained below.

a. Trajectory A: along the valley This region of suc-
cessful inflation corresponds to a narrow band along the
ψ = 0 line and is the standard evolution. Trajecto-
ries are characterized first by damped oscillations around
the inflationary valley which does not produce a signifi-
cant number of e-folds. However once the oscillations are
damped, the evolution is identical to the one for the effec-
tive one-field potential and inflation becomes extremely
efficient in terms of e-folds created. This explains the
abrupt transition observed on Fig. 4 along a vertical line
(parallel to the φ-axis) going from the unsuccessful to
the successful region. The difference between two close
points in each region is that for the successful ones, the

4 Note that the number of e-folds required to solve the horizon
problem actually depends on the energy at which inflation is
realized or the reheating temperature [9, 50, 51]
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FIG. 4: Grid of initial conditions leading to successful (white
regions) and unsuccessful inflation (colored region), for the
original hybrid inflation with λ = λ′ = 1, m = 10−6mpl and
M = 0.03mpl. The color code denotes the number of e-folds
realized. Three typical successful trajectories [in the valley
(A), radial (B), and from an isolated point (C)] are added
as well as an unsuccessful trajectory (point D). Also plotted
are the iso-curves of ε1, in the slow-roll approximation, for
ε1 = 0.022, 0.02, 0.0167 and 0.015 (from left to right).

system just has the right amount of time for the oscilla-
tions to become damped before entering the global mini-
mum where inflation ends. For larger initial values of the
φ field (around and above the Planck mass), the narrow
band of successful inflation opens up and inflation is al-
ways successful (in agreement with [29, 30]. In this region
(at the top of Fig. 4), it is always possible for the oscil-
lations to become damped and for the efficient regime
of inflation to start before the end of inflation: the fine-
tuning on the initial conditions disappears at large values
of φ for any values of ψ. This behavior is similar to
the chaotic inflation model, where [52] super-planckian
values are necessary to have a long enough inflationary
phase.

By comparing the time necessary for the expansion to
damp the oscillations and the time taken by the inflaton
to reach the critical point of instability, an analytical
approximation of the width ψw of the narrow successful
band has been proposed in [29],

ψw !
√

3λπ3

4λ′
M. (15)

This provides a good fit of the width of the inflation-
ary valley at small φ " mpl. This successful band is
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values and the number of e-folds as a function of time.
Choosing to end simulations when inflation is violated
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Sec II A 1). Therefore, we chose to end the numerical in-
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λM4 =
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2

(

φ̇2 + ψ̇2
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+ V (φ, ψ). (14)

We have defined “successful inflation” as a period that
lasts at least for 60 e-folds4.
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points in each region is that for the successful ones, the
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ε1 = 0.022, 0.02, 0.0167 and 0.015 (from left to right).

system just has the right amount of time for the oscilla-
tions to become damped before entering the global mini-
mum where inflation ends. For larger initial values of the
φ field (around and above the Planck mass), the narrow
band of successful inflation opens up and inflation is al-
ways successful (in agreement with [29, 30]. In this region
(at the top of Fig. 4), it is always possible for the oscil-
lations to become damped and for the efficient regime
of inflation to start before the end of inflation: the fine-
tuning on the initial conditions disappears at large values
of φ for any values of ψ. This behavior is similar to
the chaotic inflation model, where [52] super-planckian
values are necessary to have a long enough inflationary
phase.

By comparing the time necessary for the expansion to
damp the oscillations and the time taken by the inflaton
to reach the critical point of instability, an analytical
approximation of the width ψw of the narrow successful
band has been proposed in [29],
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Model Values of parameters Successful points (%) Anamorphosis points (%) Figure

Hybrid M = 0.03mpl, m = 10−6mpl, λ = λ′ = 1 17.4 14.8 4

Hybrid M = 0.06mpl, m = 10−6, λ = 1, λ′ = 1 11.3 5.5

Hybrid M = 0.1mpl, m = 10−6, λ = 1, λ′ = 1 7.8 < 0.1

Hybrid M = 0.03mpl, m = 10−5mpl, λ = λ′ = 1 17.4 14.8

Hybrid M = 0.03mpl, m = 10−6mpl, λ = 0.1, λ′ = 1 15.5 14.1 8

Hybrid M = 0.03mpl, m = 10−6mpl, λ = 1, λ′ = 0.5 21.8 18.8

Hybrid M = 0.03mpl, m = 10−6mpl, λ = 1, λ′ = 0.3 8.6 5.5

Hybrid M = 0.03mpl, m = 10−6mpl, λ = 1, λ′ = 0.1 2.8 < 0.1 9

Hybrid M = 0.03mpl, m = 10−6mpl, λ = 1, λ′ = 10 15.5 12.5

Hybrid M = m = 10−3mpl, λ = 1, λ′ = 10−2 0 0 10

TABLE I: Percentage of successful points in grids of initial conditions, for different values of parameters, in a square of a
reduced Planck mass length. The third column represents the area of the whole successful initial condition parameter space
over the total surface. The fourth column represents the surface of the successful space only located in isolated points, over
the total surface. This allows to visualize the importance of these isolated points. For several of these sets of values for the
potential parameters, the grid of initial conditions is represented in the body of the paper. When it is the case, the number of
the figure is given in column 5.

FIG. 10: Grid of initial conditions and exemple trajectories
for the hybrid model, with m = M = 10−3mpl, λ = 1, λ′ =
10−2.

ward 100%. Therefore, we have also realized the same
quantification with the requirement φi, ψi ≤ 5mpl and
found that the percentage of successful initial conditions
raise to 72% for the parameter values of Fig. 4.

III. INITIAL CONDITIONS FOR EXTENDED
MODELS OF HYBRID INFLATION

In this section, we will study the properties of initial
conditions leading to successful inflation for three hybrid
type of inflation and study how generic the properties
observed in the previous section for the original model
are. The models are the supersymmetric smooth, and
shifted hybrid inflation, and radion inflation.

A. Motivations for smooth and shifted hybrid
inflation

Following the original inflation model, it has been pro-
posed to construct the same model in a supersymmetric
formulation [17]. The model is called F-term hybrid in-
flation. In this case, the inflaton field φ is replaced by
a superfield S, and the Higgs field ψ is replaced by a
pair of Higgs superfields Φ̄, Φ non-trivially charged un-
der a symmetry group6 G whereas S is assumed to be a
gauge singlet under G. The only superpotential, invari-
ant under G and under a R-symmetry7, contains only
renormalizable terms and must read [17]

WF = κS(Φ+Φ− − M2). (19)

It gives rise to a scalar potential similar to Eq. (1), the
coupling constants λ and λ′ being replaced by κ. This

6 They are assumed to belong to two complex conjugate represen-
tations. For example, if G = SO(10) they are commonly assumed
to be 126 and 126.

7 This R-symmetry is a U(1) symmetry under which Φ and Φ̄ have
opposite charges and S and W have identical charges.
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MODELS OF HYBRID INFLATION

In this section, we will study the properties of initial
conditions leading to successful inflation for three hybrid
type of inflation and study how generic the properties
observed in the previous section for the original model
are. The models are the supersymmetric smooth, and
shifted hybrid inflation, and radion inflation.

A. Motivations for smooth and shifted hybrid
inflation

Following the original inflation model, it has been pro-
posed to construct the same model in a supersymmetric
formulation [17]. The model is called F-term hybrid in-
flation. In this case, the inflaton field φ is replaced by
a superfield S, and the Higgs field ψ is replaced by a
pair of Higgs superfields Φ̄, Φ non-trivially charged un-
der a symmetry group6 G whereas S is assumed to be a
gauge singlet under G. The only superpotential, invari-
ant under G and under a R-symmetry7, contains only
renormalizable terms and must read [17]

WF = κS(Φ+Φ− − M2). (19)

It gives rise to a scalar potential similar to Eq. (1), the
coupling constants λ and λ′ being replaced by κ. This
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4. Robustness of predictions

• Shifted inflation: 

F-term superpotential + non-renormalizable term

Effective 2-field potential:
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• Shifted inflation: 

F-term superpotential + non-renormalizable term

Effective 2-field potential:

                                         1 central + 2 parallel valleys 

V (φ, ψ) = κ2

(
ψ2 −M2 − β

κ
ψ4

)2

+ 2κ2φ2ψ2
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κ
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• Smooth inflation:

F-term superpotential + non-renormalizable term + Z2  symmetry

Effective 2-field potential: V (φ, ψ) = κ2

(
M2 − ψ4

m2
Pl

)2

+ 2κ2φ2 ψ6

m4
Pl

1. Hybrid Inflation

2. Fine-tuning of  
       initial conditions

3. How to avoid 
     fine-tuning?

  - Super-Planckian
   Initial Conditions
  - Anamorphosis
    points
  
4.  Robustness of  
        predictions:
          3 others models

   - Smooth Inflation
   -  Shifted Inflation
   -  Radion Inflation

5.  Conclusions and
         Perspectives

      Questions...

•  Slow-roll violations

• Varying parameters 

• Grid with red 
spectrum prediction

• Shifted and Smooth
   models

• Radion model



4. Robustness of predictions
• Radion assisted gauge inflation: 
(M. Fairbairn, L.Lopez-Honorez, M.Tytgat,  hep-ph/0302160)

Gauge-type inflation :   
     • φ phase of  a Wilson loop wrapped around a compact 5th dim.
     • Super-planckian values allowed
     • Varying radius R of  the extra-dimension 

Effective 2-field potential:

                              2 valleys and a flat               direction 

ψ ≡ (2πR)−1

V (φ, ψ) =
1
4

φ2

f2
ψ4 +

λ

4
(
ψ2 − ψ2

0

)2

ψ = 0
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