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Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1



Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1



Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1



Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1



Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

1

Aim of the talk

Discuss theoretical challenges for building models of inflation after Planck results

Current situation:

The spectrum of curvature fluctuations is almost (but not exactly) scale invariant,
and is characterized to a high degree by a Gaussian statistics.

No hints of contributions isocurvature fluctuations, nor of gravitational waves.

Choose from two extreme options:

• Single field, slow roll inflation (with simple potentials, characterized by a min-
imal number of parameters) fit well data. Focus on this set-up.

Predictions:

– No non-G detected in the foreseeable future

– No isocurvature modes

– Tensor modes detectable depending on the model (small or large field)

• We have been unlucky with CMB alone. New physics is around the corner,
associated with non-trivial interactions of inflaton field with itself and with
other dof’s.

Predictions detectable in a not too distant future (combining with LSS etc):

– Non-G bispectrum parameter fNL is of order one-ten, might be detectable.

– Non-G trispectrum parameters might be quite large

– Hints of isocurvature might be detected.

– Other features (glitches in the power spectrum, etc)

Do naturalness arguments help to decide?
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Quantitatively, according to the standard Big Bang the-
ory, the CMB at the surface of last-scattering should
have consisted of about 104 causally disconnected re-
gions. However, the observed near-homogeneity of the
CMB tells us that the universe was quasi-homogeneous
at the time of last-scattering. In the standard Big Bang
theory, this uniformity of the CMB has no explanation
and must be assumed as an (extremely fine-tuned) initial
condition.

4.2. Solution of the Big Bang Problems

Inflationary cosmology is based on the hypothesis that
the early universe expanded exponentially quickly for a
fraction of a second. During inflation the rate of expan-
sion was accelerating and a small homogeneous patch not
bigger than 10−26 m (orders of magnitudes smaller than
an atomic nucleus) grew within about 10−35 seconds to
macroscopic size of order 1 meter. Eventually the accel-
eration stopped and the expansion slowed down to the
more moderate rate that has characterized our universe
ever since. The 1 meter patch grew to become the ob-
servable universe.

We will now demonstrate how this brief period of ac-
celerated expansion solves the problems of the standard
Big Bang cosmology:

Resolution of the flatness problem
During a period of accelerated expansion, ä > 0, a flat

universe Ω = 1 becomes an attractor solution. If inflation
lasted for at least 60 e-folds (i.e. the scale factor grew by
at least a factor of e60 during inflation), then Ω is driven
so close to 1 that we will still observe it near 1 today
(even though Ω = 1 is unstable).

Resolution of the horizon problem
During inflation the universe expands exponentially

and physical wavelengths grow faster than the horizon.
Fluctuations are hence stretched outside of the horizon
during inflation and re-enter the horizon in the late uni-
verse. Scales that are outside of the horizon at CMB
decoupling were in fact inside the horizon before infla-
tion. The region of space corresponding to the observ-
able universe therefore was in thermal equilibrium before
inflation and the uniformity of the CMB is given a causal
explanation. A brief period of acceleration therefore re-
sults in the ability to correlate space over apparently im-
possible distances.

4.3. Classical Dynamics

Cosmic acceleration
How could the expansion of the universe have been

accelerating?
Paradoxically, the answer lies in our modern under-

standing of gravity. In Einstein’s general theory of rel-
ativity gravity couples both to mass (or energy) and to
pressure. This is in contrast to Newton’s theory of grav-
ity where the gravitational field couples only to mass.
Recall Einstein’s equation for the acceleration of the scale
factor a(t):

1
a

d2a

dt2
= −4πG

3
(ρ + 3p) . (10)

Notice that both energy density ρ and pressure p appear
as sources for ä. Ordinary matter has positive energy
density, ρ > 0, and positive (or zero) pressure, p ≥ 0. The
minus sign of the source term on the r.h.s. in equation
(10) then determines that the expansion of the universe is
strictly decelerating. This is consistent with our intuition
about gravity: the mutual attraction of all matter in the
universe causes the expansion to slow down.

reheating

FIG. 8: Example of an inflaton potential. Acceleration oc-
curs when the potential energy of the field, V (φ), dominates
over its kinetic energy, 1

2 φ̇2. Inflation ends at φend when the
kinetic energy has grown to become comparable to the po-
tential energy, 1

2 φ̇2 ≈ V . CMB fluctuations are created by
quantum fluctuations δφ about 60 e-folds before the end of
inflation. At reheating, the energy density of the inflaton is
converted into radiation.

Inflation relies on the early universe being dominated
by a very different form of energy. This is often mod-
eled by a scalar field4 φ (the “inflaton”) with potential
energy density V (φ) (see Fig. 8). One imagines that dur-
ing inflation the field is displaced from its global vacuum
in a state of high energy density called the “false vac-
uum”. One further assumes that in the early universe,

4
This may be a fundamental scalar field like the Higgs field or it

may be a composite field. More generally, we may think of φ
as an order parameter or ‘clock’ measuring the evolution of the

energy density during inflation.

SLIDE 1

My expertise is on model building, and at the same time on developing cosmological observables

for analyzing models of inflation and dark energy with the aim to reveal hints of new physics.

SLIDE 2

Inflation is a short period of quasi-exponential expansion, driven by a scalar field rolling along a potential:

the inflaton

(Figure)

It is important to embed inflation in a fundamental theory

� It occurs at high energy scales: opportunity to probe new physics

� Delicate process: sensitive to couplings among inflaton and other fields and
to Planck-suppressed corrections to the potential.

� It is not an isolated phenomenon. Inflaton energy gets transferred to SM
degrees of freedom at the end of inflation: reheating

Put some figures

SLIDE 3

Model building: Inflation in String Theory
String theory contains many light scalars, parameterizing the properties of extra dimensional space.

• Inflaton is the position of a D3 brane moving along a warped throat. Inflationary dynamics under control.

- I did pioneering work on multiple field DBI models. Clear geometrical interpretation, and intrigu-
ing consequences for the dynamics of primordial density fluctuations. [90 cites]

- Connection with AdS/CFT and associated model building: I built models of warped D-brane infla-
tion on backgrounds including D5 branes, with interesting cosmological consequences.

• Inflaton is the size of one of the blow-up modes in a CY (Large Volume scenario).

- Approximate no-scale symmetry protects the potential from dangerous corrections

- Fully calculable couplings between inflaton and

SM-like fields ⇒ reheating can be analyzed in detail

other light scalars ⇒ distinctive observational features: curvaton scenarios

1

The inflaton slowly rolls

along a flat potential

{

V � M 2
Pl M

2
GUT

Broad motivations for considering this topic.

It reveals subtle interplay between QFT and GR techniques.

Aim of the talk:

� Review recent advances of massive gravity in four dimensions.

� How new approaches address cosmological issues.

The vector dynamics seems to play an important role in modified gravity
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Quantitatively, according to the standard Big Bang the-
ory, the CMB at the surface of last-scattering should
have consisted of about 104 causally disconnected re-
gions. However, the observed near-homogeneity of the
CMB tells us that the universe was quasi-homogeneous
at the time of last-scattering. In the standard Big Bang
theory, this uniformity of the CMB has no explanation
and must be assumed as an (extremely fine-tuned) initial
condition.

4.2. Solution of the Big Bang Problems

Inflationary cosmology is based on the hypothesis that
the early universe expanded exponentially quickly for a
fraction of a second. During inflation the rate of expan-
sion was accelerating and a small homogeneous patch not
bigger than 10−26 m (orders of magnitudes smaller than
an atomic nucleus) grew within about 10−35 seconds to
macroscopic size of order 1 meter. Eventually the accel-
eration stopped and the expansion slowed down to the
more moderate rate that has characterized our universe
ever since. The 1 meter patch grew to become the ob-
servable universe.

We will now demonstrate how this brief period of ac-
celerated expansion solves the problems of the standard
Big Bang cosmology:

Resolution of the flatness problem
During a period of accelerated expansion, ä > 0, a flat

universe Ω = 1 becomes an attractor solution. If inflation
lasted for at least 60 e-folds (i.e. the scale factor grew by
at least a factor of e60 during inflation), then Ω is driven
so close to 1 that we will still observe it near 1 today
(even though Ω = 1 is unstable).

Resolution of the horizon problem
During inflation the universe expands exponentially

and physical wavelengths grow faster than the horizon.
Fluctuations are hence stretched outside of the horizon
during inflation and re-enter the horizon in the late uni-
verse. Scales that are outside of the horizon at CMB
decoupling were in fact inside the horizon before infla-
tion. The region of space corresponding to the observ-
able universe therefore was in thermal equilibrium before
inflation and the uniformity of the CMB is given a causal
explanation. A brief period of acceleration therefore re-
sults in the ability to correlate space over apparently im-
possible distances.

4.3. Classical Dynamics

Cosmic acceleration
How could the expansion of the universe have been

accelerating?
Paradoxically, the answer lies in our modern under-

standing of gravity. In Einstein’s general theory of rel-
ativity gravity couples both to mass (or energy) and to
pressure. This is in contrast to Newton’s theory of grav-
ity where the gravitational field couples only to mass.
Recall Einstein’s equation for the acceleration of the scale
factor a(t):

1
a

d2a

dt2
= −4πG

3
(ρ + 3p) . (10)

Notice that both energy density ρ and pressure p appear
as sources for ä. Ordinary matter has positive energy
density, ρ > 0, and positive (or zero) pressure, p ≥ 0. The
minus sign of the source term on the r.h.s. in equation
(10) then determines that the expansion of the universe is
strictly decelerating. This is consistent with our intuition
about gravity: the mutual attraction of all matter in the
universe causes the expansion to slow down.

reheating

FIG. 8: Example of an inflaton potential. Acceleration oc-
curs when the potential energy of the field, V (φ), dominates
over its kinetic energy, 1

2 φ̇2. Inflation ends at φend when the
kinetic energy has grown to become comparable to the po-
tential energy, 1

2 φ̇2 ≈ V . CMB fluctuations are created by
quantum fluctuations δφ about 60 e-folds before the end of
inflation. At reheating, the energy density of the inflaton is
converted into radiation.

Inflation relies on the early universe being dominated
by a very different form of energy. This is often mod-
eled by a scalar field4 φ (the “inflaton”) with potential
energy density V (φ) (see Fig. 8). One imagines that dur-
ing inflation the field is displaced from its global vacuum
in a state of high energy density called the “false vac-
uum”. One further assumes that in the early universe,

4
This may be a fundamental scalar field like the Higgs field or it

may be a composite field. More generally, we may think of φ
as an order parameter or ‘clock’ measuring the evolution of the

energy density during inflation.
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Quantitatively, according to the standard Big Bang the-
ory, the CMB at the surface of last-scattering should
have consisted of about 104 causally disconnected re-
gions. However, the observed near-homogeneity of the
CMB tells us that the universe was quasi-homogeneous
at the time of last-scattering. In the standard Big Bang
theory, this uniformity of the CMB has no explanation
and must be assumed as an (extremely fine-tuned) initial
condition.

4.2. Solution of the Big Bang Problems

Inflationary cosmology is based on the hypothesis that
the early universe expanded exponentially quickly for a
fraction of a second. During inflation the rate of expan-
sion was accelerating and a small homogeneous patch not
bigger than 10−26 m (orders of magnitudes smaller than
an atomic nucleus) grew within about 10−35 seconds to
macroscopic size of order 1 meter. Eventually the accel-
eration stopped and the expansion slowed down to the
more moderate rate that has characterized our universe
ever since. The 1 meter patch grew to become the ob-
servable universe.

We will now demonstrate how this brief period of ac-
celerated expansion solves the problems of the standard
Big Bang cosmology:

Resolution of the flatness problem
During a period of accelerated expansion, ä > 0, a flat

universe Ω = 1 becomes an attractor solution. If inflation
lasted for at least 60 e-folds (i.e. the scale factor grew by
at least a factor of e60 during inflation), then Ω is driven
so close to 1 that we will still observe it near 1 today
(even though Ω = 1 is unstable).

Resolution of the horizon problem
During inflation the universe expands exponentially

and physical wavelengths grow faster than the horizon.
Fluctuations are hence stretched outside of the horizon
during inflation and re-enter the horizon in the late uni-
verse. Scales that are outside of the horizon at CMB
decoupling were in fact inside the horizon before infla-
tion. The region of space corresponding to the observ-
able universe therefore was in thermal equilibrium before
inflation and the uniformity of the CMB is given a causal
explanation. A brief period of acceleration therefore re-
sults in the ability to correlate space over apparently im-
possible distances.

4.3. Classical Dynamics

Cosmic acceleration
How could the expansion of the universe have been

accelerating?
Paradoxically, the answer lies in our modern under-

standing of gravity. In Einstein’s general theory of rel-
ativity gravity couples both to mass (or energy) and to
pressure. This is in contrast to Newton’s theory of grav-
ity where the gravitational field couples only to mass.
Recall Einstein’s equation for the acceleration of the scale
factor a(t):

1
a

d2a

dt2
= −4πG

3
(ρ + 3p) . (10)

Notice that both energy density ρ and pressure p appear
as sources for ä. Ordinary matter has positive energy
density, ρ > 0, and positive (or zero) pressure, p ≥ 0. The
minus sign of the source term on the r.h.s. in equation
(10) then determines that the expansion of the universe is
strictly decelerating. This is consistent with our intuition
about gravity: the mutual attraction of all matter in the
universe causes the expansion to slow down.
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2 φ̇2 ≈ V . CMB fluctuations are created by
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converted into radiation.

Inflation relies on the early universe being dominated
by a very different form of energy. This is often mod-
eled by a scalar field4 φ (the “inflaton”) with potential
energy density V (φ) (see Fig. 8). One imagines that dur-
ing inflation the field is displaced from its global vacuum
in a state of high energy density called the “false vac-
uum”. One further assumes that in the early universe,
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This may be a fundamental scalar field like the Higgs field or it
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condition.

4.2. Solution of the Big Bang Problems

Inflationary cosmology is based on the hypothesis that
the early universe expanded exponentially quickly for a
fraction of a second. During inflation the rate of expan-
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more moderate rate that has characterized our universe
ever since. The 1 meter patch grew to become the ob-
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at least a factor of e60 during inflation), then Ω is driven
so close to 1 that we will still observe it near 1 today
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How could the expansion of the universe have been
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Paradoxically, the answer lies in our modern under-

standing of gravity. In Einstein’s general theory of rel-
ativity gravity couples both to mass (or energy) and to
pressure. This is in contrast to Newton’s theory of grav-
ity where the gravitational field couples only to mass.
Recall Einstein’s equation for the acceleration of the scale
factor a(t):

1
a
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3
(ρ + 3p) . (10)

Notice that both energy density ρ and pressure p appear
as sources for ä. Ordinary matter has positive energy
density, ρ > 0, and positive (or zero) pressure, p ≥ 0. The
minus sign of the source term on the r.h.s. in equation
(10) then determines that the expansion of the universe is
strictly decelerating. This is consistent with our intuition
about gravity: the mutual attraction of all matter in the
universe causes the expansion to slow down.
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curs when the potential energy of the field, V (φ), dominates
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2 φ̇2 ≈ V . CMB fluctuations are created by
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converted into radiation.

Inflation relies on the early universe being dominated
by a very different form of energy. This is often mod-
eled by a scalar field4 φ (the “inflaton”) with potential
energy density V (φ) (see Fig. 8). One imagines that dur-
ing inflation the field is displaced from its global vacuum
in a state of high energy density called the “false vac-
uum”. One further assumes that in the early universe,
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This may be a fundamental scalar field like the Higgs field or it

may be a composite field. More generally, we may think of φ
as an order parameter or ‘clock’ measuring the evolution of the
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Inflation is a delicate process

Inflation is very sensitive to interactions of inflaton with itself

and with other fields

Technically, this manifests in the so called η-problem

Slow-roll parameters

� = − Ḣ

H2

η =
�̇

�H

The condition to have inflation is � < 1.

In order to have a sufficiently prolonged period of inflation, η < 1.

Inflation is very sensitive to higher dimensional operators that affect potential.

⇒

It is very hard to maintain inflation for sufficiently long time

Typically the inflaton acquires a large mass
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H2

η =
�̇

�H

The condition to have inflation is � < 1.

In order to have a sufficiently prolonged period of inflation, η < 1.

Inflation is very sensitive to higher dimensional operators that affect potential.

⇒

It is very hard to maintain inflation for sufficiently long time

Typically the inflaton acquires a large mass

3

Inflation is a delicate process

Inflation is very sensitive to interactions of inflaton with itself

and with other fields

Technically, this manifests in the so called η-problem

Slow-roll parameters

� = − Ḣ
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H2

η =
�̇

�H

The condition to have inflation is � < 1.

In order to have a sufficiently prolonged period of inflation, η < 1.

Inflation is very sensitive to higher dimensional operators that affect potential.

⇒

It is very hard to maintain inflation for sufficiently long time

Typically the inflaton acquires a large mass

3

background equations of motion, we can see that the slow-roll conditions impose restrictions
on the rolling velocity of the inflaton. The first condition (2.6) implies that

φ̇2
0

2H2M2
P

= ε ! O(1) . (2.8)

So the energy driving the inflation on the right hand side of (2.3) is dominated by the
potential. Adding the second condition (2.7) further implies that

φ̈0

φ̇0H
= −ε+

η

2
! O(1) . (2.9)

So the first term φ̈0 in (2.5) is negligible and the evolution of the zero-mode inflaton is
determined by the attractor solution

3Hφ̇0 + V ′ = 0 . (2.10)

Using (2.10), the slow-roll conditions can also be written in a form that restricts the shape

of the potential,

εV ≡
M2

P

2

(

V ′

V

)2

! O(1) , ηV ≡ M2
P

V ′′

V
! O(1) . (2.11)

They are related to ε and η by

ε = εV , η = −2ηV + 4εV . (2.12)

So the shape of the potential has to be rather flat relative to its height. We emphasize that,
although in this example several definitions of the slow-roll conditions are all equivalent, the

definition (2.6) and (2.7) are more general. In other cases that we will encounter later in this
review, these two conditions are still necessary to ensure a prolonged inflation and generate

a scale-invariant spectrum, but the others no longer have to be satisfied. For example, the
shape of potential can be steeper, or the inflationary energy can be dominated by the kinetic
energy.

Now let us study the perturbations. To keep things simple but main points illustrated,
in this section, we will ignore the perturbations in the gravity sector and only perturb the

inflaton,

φ(x, t) = φ0(t) + δφ(x, t) . (2.13)

We also ignore terms suppressed by the slow-roll parameters, which we often denote collec-
tively as O(ε). For example, the mass of the inflaton is V ′′ ∼ O(ε)H2 and will be ignored.
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�H

The condition to have inflation is � < 1.

In order to have a sufficiently prolonged period of inflation, η < 1.

These parameters can be expressed in terms of the inflaton potential as

Inflation is sensitive to high dimension, Planck suppressed contributions to the po-
tential

∆V =
O6

M
2
Pl

Indeed, we expect

∆V =
O6

M
2
Pl

=
O4 φ2

M
2
Pl

= c0
V0 φ2

M
2
Pl

⇒ ∆η � 1

Scalar mass is pushed to cut-off scale in absence of symmetries.

η parameter is large: it is very hard to maintain inflation for long time

Additional challenges for large field models

• Since the inflaton does super-Planckian excursions ∆φ ≥ MPl, we must worry
about high dimension contributions to the potential ∼ φp

/M
p−4
Pl

• These models are able to produce large tensor-to-scalar ratio: Lyth bound.
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H2

η =
�̇

�H

The condition to have inflation is � < 1.

In order to have a sufficiently prolonged period of inflation, η < 1.

Inflation is very sensitive to higher dimensional operators that affect potential.

⇒

It is very hard to maintain inflation for sufficiently long time

Typically the inflaton acquires a large mass

3

Inflation is a delicate process

Inflation is very sensitive to interactions of inflaton with itself

and with other fields

Technically, this manifests in the so called η-problem

Slow-roll parameters

� = − Ḣ
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H2

η =
�̇

�H

The condition to have inflation is � < 1.

In order to have a sufficiently prolonged period of inflation, η < 1.

These parameters can be expressed in terms of the inflaton potential as

Inflation is sensitive to high dimension, Planck suppressed contributions

∆V =
O6

M
2
Pl

Indeed, we expect

∆V =
O6

M
2
Pl

=
O4 φ2

M
2
Pl

= c0
V0 φ2

M
2
Pl

⇒ ∆η � 1

Scalar mass is pushed to cut-off scale in absence of symmetries.

η parameter is large: it is very hard to maintain inflation for long time

Additional challenges for large field models

• Since the inflaton does super-Planckian excursions ∆φ ≥ MPl, we must worry
about high dimension contributions to the potential ∼ φp

/M
p−4
Pl

• These models are able to produce large tensor-to-scalar ratio: Lyth bound.

3



Inflation is a delicate process

Inflation is very sensitive to interactions of inflaton with itself

and with other fields

Technically, this manifests in the so called η-problem

Slow-roll parameters

� = − Ḣ
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A guide for model building ?

These naturalness issues shouldn’t be ignored, and may offer a guide for theoretical
model building.

Similar to hierarchy problem of particle physics, that motivates going beyond SM

� Some sort of interesting (new?) physics is controlling inflationary potential?

Ideas available on the theory market to address these tuning issues:

Flatness of inflationary potential is due to:

• Accident

• Large self-interactions

Inflaton dynamics is very different with respect to the simplest scenario

• Symmetries

The hope is that, along the way, we find interesting ideas to further explore ....
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Accident

Conceptually simple idea

Inflection point inflation: different contributions to the inflaton potential acci-

dentally cancel, leaving a potential sufficiently flat to sustain enough inflation.

In order to test this idea, we need to know high energy origin of inflation
model to concretely calculate corrections to inflationary potential

String inflation realizes inflation within a fundamental theory of nature providing

settings to test this possibility.

• String theory contains plenty of light scalars that can drive inflation

D-brane inflation:
D3-brane embedded in a warped throat (KS space-time, throat with

fluxes turned on)

- The brane feels a force associated with presence of anti-brane as well as fluxes

(KKLMMT)

- Still inflaton feels the influence of additional light scalars, that have to be fixed

by adding wrapped D7

Burgess et al, Baumann, Klebanov et al, + others have studied in detail this system,

showing that, with tunings of order of percent, sufficient inflation can be realized.

Many variations on this idea can be done:

� Warped geometries have been very well studied by string theorists to under-

stand properties of QCD in terms of gravity duals (AdS/CFT)

� With Chen, Gong, Koyama we realized a multi-field version (hybrid inflation)

of the original model

What happens when the inflaton oscillates?

� With Edmenger, Halter, Núñez, we realized inflation in a background with D5

used to realize walking technicolor

Is there particle production during inflation when D3 meet D5 branes?

Very interesting to exploit connection to AdS/CFT in cosmology
Study particle production in inflation, in strong coupling regimes
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the slow-roll parameters8

ε ≡− Ḣ

H2
≈ M2

Pl

2

(
V ′

V

)2

, (4.2)

η ≡−M2
Pl
V ′′

V
. (4.3)

These slow-roll parameters are shown in Fig. 2. As expected, ε remains small but |η| quickly becomes
large once the field moves away from the inflection point.
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Figure 1: The full potential versus normalized canonical field φ/φµ, which runs from 0 to 1. We set MPl = 1.

In the left panel, we simply show the entire potential, while in the right panel we concentrate on the inflecting

region, where after the instability of Q develops we show the potential with a dotted line.
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Figure 2: The “potential” slow-roll parameters (left) ε and (right) η. Note that while |η| ∼ 1 when the

instability of Q develops, ε remains smaller than 1: at the moment of instability, we have ε ≈ 3.58931× 10−4.

Next we consider the masses of the angular directions. In Fig. 3, we showXP , XQ andXR. For our
choice of parameters, we find that all the angular directions become unstable at small radius. However
we should note that once instability develops, we cannot trust anymore the analysis of the mass matrix

8Notice that we write the first slow-roll parameter as ε to distinguish it from the deformation parameter ε used
elsewhere.
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showing that, with tunings of order of percent, sufficient inflation can be realized.
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These slow-roll parameters are shown in Fig. 2. As expected, ε remains small but |η| quickly becomes
large once the field moves away from the inflection point.
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Figure 1: The full potential versus normalized canonical field φ/φµ, which runs from 0 to 1. We set MPl = 1.

In the left panel, we simply show the entire potential, while in the right panel we concentrate on the inflecting

region, where after the instability of Q develops we show the potential with a dotted line.
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Figure 2: The “potential” slow-roll parameters (left) ε and (right) η. Note that while |η| ∼ 1 when the

instability of Q develops, ε remains smaller than 1: at the moment of instability, we have ε ≈ 3.58931× 10−4.

Next we consider the masses of the angular directions. In Fig. 3, we showXP , XQ andXR. For our
choice of parameters, we find that all the angular directions become unstable at small radius. However
we should note that once instability develops, we cannot trust anymore the analysis of the mass matrix

8Notice that we write the first slow-roll parameter as ε to distinguish it from the deformation parameter ε used
elsewhere.
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Figure 1: The full potential versus normalized canonical field φ/φµ, which runs from 0 to 1. We set MPl = 1.
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Figure 2: The “potential” slow-roll parameters (left) ε and (right) η. Note that while |η| ∼ 1 when the

instability of Q develops, ε remains smaller than 1: at the moment of instability, we have ε ≈ 3.58931× 10−4.

Next we consider the masses of the angular directions. In Fig. 3, we showXP , XQ andXR. For our
choice of parameters, we find that all the angular directions become unstable at small radius. However
we should note that once instability develops, we cannot trust anymore the analysis of the mass matrix

8Notice that we write the first slow-roll parameter as ε to distinguish it from the deformation parameter ε used
elsewhere.
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Figure 37: D3-brane inflation in a warped throat geometry. The D3-branes are spacetime-filling

in four dimensions and therefore pointlike in the extra dimensions. The circle stands

for the base manifold X5 with angular coordinates Ψ. The brane moves in the radial

direction r. At rUV the throat attaches to a compact Calabi-Yau space. Anti-D3-branes

minimize their energy at the tip of the throat, rIR.

the tip of the throat, r = 0, is smoothed by the presence of appropriate fluxes. The tip of the throat

is therefore located at a finite radial coordinate rIR, while at r = rUV the throat is glued into an

unwarped bulk geometry. In the relevant regime rIR � r < rUV the warp factor may be written as

[115]

e−4A(r)
=

R4

r4
ln

r

rIR
, R4 ≡ 81

8
(gsMα�

)
2 , (364)

where

ln
rUV

rIR
≈ 2πK

3gsM
. (365)

Here, M and K are integers specifying the flux background [114, 116].

Warping sourced by fluxes is commonplace in modern compactifications, and there has been much

progress in understanding the stabilization of the moduli of such a compactification [113]. Posit-

ing a stabilized compactification containing a KS throat therefore seems reasonable given present

knowledge.

29.2.2 The Field Range Bound

Before addressing the complicated problem of the shape of the inflationary potential let us ask if

these models can ever source a large gravitational wave amplitude. It turns out that this question

can be phrased in purely geometrical terms and does not depend on the details of inflationary

dynamics [117]. By the Lyth bound we know that a large gravitational wave signal requires super-

Planckian field variation. As a minimal requirement we therefore ask if super-Planckian field values

are accessible in warped D-brane inflation.

The inflaton kinetic term is determined by the Dirac-Born-Infeld (DBI) action for a probe D3-

brane, and leads to an identification of the canonical inflaton field with a multiple of the radial

coordinate, φ2 ≡ T3r2. Here, T3 ≡
�
(2π)3gsα�2�−1

is the D3-brane tension, with gs the string
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potential induced by any individual perturbation of the form of Eq. (28) therefore

produces a radially-expulsive force. This is fortunate, since only a repulsive force

allows cancellation with the mass term in Eq. (18) to alleviate the eta problem.

3.3.3 Phenomenological Implications If only one angular mode dom-

inates the UV perturbation of the throat geometry, then the radial D3-brane

potential is

V (φ) = V0(φ) + M2
plH

2
0





(

φ

Mpl

)2

− a∆

(

φ

Mpl

)∆


 . (29)

where

a∆ ≡ c∆

(

Mpl

φUV

)∆

, and φ ∝ r . (30)

The magnitudes of the coefficients a∆, c∆ are highly model-dependent and were

estimated in Ref. (19). The above classification of the leading perturbations to

the inflaton potential via the eigenvalues of the angular Laplacian hence leads to

two cases with distinct phenomenology:

1. Fractional Case

In a general compactification, the dominant perturbation corresponds to the

smallest possible eigenvalue, ∆ = 3
2 . By the repulsivity argument we just

gave, this gives a negative contribution to the potential in Eq. (18), ∆V ∝

−φ3/2. The dynamics during inflation is then governed by the following

phenomenological potential

V (φ) = V0(φ) + M2
plH

2
0





(

φ

Mpl

)2

− a3/2

(

φ

Mpl

)3/2


 . (31)

For a potential of this form, the eta parameter can be fine-tuned to be small

locally, near an approximate inflection point. This inflection point model

is phenomenologically identical to the explicit model of D-brane inflation
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the slow-roll parameters8
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, (4.2)

η ≡−M2
Pl
V ′′

V
. (4.3)

These slow-roll parameters are shown in Fig. 2. As expected, ε remains small but |η| quickly becomes
large once the field moves away from the inflection point.
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Figure 1: The full potential versus normalized canonical field φ/φµ, which runs from 0 to 1. We set MPl = 1.

In the left panel, we simply show the entire potential, while in the right panel we concentrate on the inflecting

region, where after the instability of Q develops we show the potential with a dotted line.
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Figure 2: The “potential” slow-roll parameters (left) ε and (right) η. Note that while |η| ∼ 1 when the

instability of Q develops, ε remains smaller than 1: at the moment of instability, we have ε ≈ 3.58931× 10−4.

Next we consider the masses of the angular directions. In Fig. 3, we showXP , XQ andXR. For our
choice of parameters, we find that all the angular directions become unstable at small radius. However
we should note that once instability develops, we cannot trust anymore the analysis of the mass matrix

8Notice that we write the first slow-roll parameter as ε to distinguish it from the deformation parameter ε used
elsewhere.
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5

These observations are sufficient to extract important qualitative information about the outcome of
the instability process. For definiteness, let us consider the explicit example we studied in the previous
section, which corresponds to the first column of Table 2. For the choice of parameters summarised in
Table 1, all of the extremal points have at least one unstable angular mode except for the upper branch
of the delta-flat direction (|χ1| = |χ2| = π/2), which corresponds to the true vacuum of the D3-brane
along the angular directions. Until the point at which instability develops, all the angular modes are
at the origin. Nearby the instability region, the non-delta-flat trajectory becomes a local maximum
(or saddle point) for the angular modes. The angular masses become light and then tachyonic, and
the fields χi and ξ start to roll down the potential. In this case, the range of the variables are found
to be ξ ∈ [0, 4π] and χi ∈ [−π/2,π/2] (or equivalently |χi| ∈ [0,π/2]), as discussed in the last part
of Appendix B.3. After a possibly complicated dynamics, they reach another extremal point of lower
energy, at which all the squares of the mass eigenvalues are positive with our choice of parameters.
This corresponds to the upper branch of the delta-flat trajectory, the fourth column of Table 2. The
actual result depends on the detailed dynamics of the system. On the other hand, our knowledge of
the potential is sufficient to show that the angular field dynamics, starting at the point of instability,
connects the initial non-delta-flat with one of the delta-flat trajectories. As a representative example,
we plot in Fig. 7 the potential depending on both radial and angular directions, taking for definiteness
χ1 = χ2 and keeping ξ = 0. The plot clearly exhibits an instability along the non-delta-flat direction
(χ1 = χ2 = 0), and we can more easily see that the potential connects the false vacuum corresponding
to the lower branch of the non-delta-flat trajectory with the true vacuum corresponding to the upper
branch of the delta-flat trajectory (|χ1| = |χ2| = π/2) in the angular directions.
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Figure 7: The multi-field potential as a function of the radial direction and a particular choice of angular

coordinates χ1 = χ2 and ξ = 0. We can see that other stable trajectories exist at |χ1| = |χ2| = π/2 next

to the unstable one at χ1 = χ2 = 0. The potential is periodic along the direction χ1, with period π. This

is consistent with our observation that |χi| ∈ [0, π/2]: see the last part of Appendix B.3.We used the other

parameters the same as in Table 1.

As we have seen from the previous arguments, the angular instability connects different extremal
trajectories in the warped deformed conifold. Depending on initial conditions, after the field falls from
one trajectory to the other, a non-trivial dynamics continues along the radial and, possibly, along the
angular directions. This implies that, at the later stages of slow-roll inflation, the inflaton field does
not generically fall into a global minimum, but into other extremal points that further evolve due
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Figure 7: The multi-field potential as a function of the radial direction and a particular choice of angular

coordinates χ1 = χ2 and ξ = 0. We can see that other stable trajectories exist at |χ1| = |χ2| = π/2 next

to the unstable one at χ1 = χ2 = 0. The potential is periodic along the direction χ1, with period π. This

is consistent with our observation that |χi| ∈ [0, π/2]: see the last part of Appendix B.3.We used the other

parameters the same as in Table 1.

As we have seen from the previous arguments, the angular instability connects different extremal
trajectories in the warped deformed conifold. Depending on initial conditions, after the field falls from
one trajectory to the other, a non-trivial dynamics continues along the radial and, possibly, along the
angular directions. This implies that, at the later stages of slow-roll inflation, the inflaton field does
not generically fall into a global minimum, but into other extremal points that further evolve due
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- The brane feels a force associated with presence of anti-brane as well as fluxes (KKLMMT)

- Inflaton feels the influence of additional light scalars, that have to be fixed by adding wrapped D7

Burgess et al, Baumann, Klebanov et al, + others have studied in detail this system,
showing that, with tunings of order of percent, sufficient inflation can be realized.

Many variations on this idea can be done:

� Warped geometries have been very well studied by string theorists to understand properties of QCD
in terms of gravity duals (AdS/CFT)

� With Chen, Gong, Koyama we realized a multi-field version (hybrid inflation) of the original model

What happens when inflation ends?

� With Edmenger, Halter, Núñez, we realized inflation in a background with D5 used to realize walking
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Very interesting to exploit connection to AdS/CFT in cosmology
Study particle production in inflation, in strong coupling regimes

New tools to study cosmological regimes that are difficult to analyze otherwise.

Predictions: consistent with single field inflation, no tensor modes.

Scenarios compatible with observations so far.
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� With Edmenger, Halter, Núñez, we realized inflation in a background with D5

used to realize walking technicolor

Is there particle production during inflation when D3 meet D5 branes?

Very interesting to exploit connection to AdS/CFT in cosmology
Study particle production in inflation, in strong coupling regimes

New tools to study cosmological regimes that are difficult to analyze otherwise.

5

Accident

Conceptually simple idea

Inflection point inflation: different contributions to the inflaton potential acci-

dentally cancel, leaving a potential sufficiently flat to sustain enough inflation.

In order to test this idea, we need to know high energy origin of inflation
model to concretely calculate corrections to inflationary potential

String inflation realizes inflation within a fundamental theory of nature providing

settings to test this possibility.

• String theory contains plenty of light scalars that can drive inflation

D-brane inflation:
D3-brane embedded in a warped throat (KS space-time, throat with fluxes turned on)

- The brane feels a force associated with presence of anti-brane as well as fluxes (KKLMMT)

- Inflaton feels the influence of additional light scalars, that have to be fixed by adding wrapped D7

Burgess et al, Baumann, Klebanov et al, + others have studied in detail this system,

showing that, with tunings of order of percent, sufficient inflation can be realized.

Many variations on this idea can be done:

� Warped geometries have been very well studied by string theorists to under-

stand properties of QCD in terms of gravity duals (AdS/CFT)

� With Chen, Gong, Koyama we realized a multi-field version (hybrid inflation)

of the original model

What happens when the inflaton oscillates?
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along the angular directions. Until the point at which instability develops, all the angular modes are
at the origin. Nearby the instability region, the non-delta-flat trajectory becomes a local maximum
(or saddle point) for the angular modes. The angular masses become light and then tachyonic, and
the fields χi and ξ start to roll down the potential. In this case, the range of the variables are found
to be ξ ∈ [0, 4π] and χi ∈ [−π/2,π/2] (or equivalently |χi| ∈ [0,π/2]), as discussed in the last part
of Appendix B.3. After a possibly complicated dynamics, they reach another extremal point of lower
energy, at which all the squares of the mass eigenvalues are positive with our choice of parameters.
This corresponds to the upper branch of the delta-flat trajectory, the fourth column of Table 2. The
actual result depends on the detailed dynamics of the system. On the other hand, our knowledge of
the potential is sufficient to show that the angular field dynamics, starting at the point of instability,
connects the initial non-delta-flat with one of the delta-flat trajectories. As a representative example,
we plot in Fig. 7 the potential depending on both radial and angular directions, taking for definiteness
χ1 = χ2 and keeping ξ = 0. The plot clearly exhibits an instability along the non-delta-flat direction
(χ1 = χ2 = 0), and we can more easily see that the potential connects the false vacuum corresponding
to the lower branch of the non-delta-flat trajectory with the true vacuum corresponding to the upper
branch of the delta-flat trajectory (|χ1| = |χ2| = π/2) in the angular directions.
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Figure 7: The multi-field potential as a function of the radial direction and a particular choice of angular

coordinates χ1 = χ2 and ξ = 0. We can see that other stable trajectories exist at |χ1| = |χ2| = π/2 next

to the unstable one at χ1 = χ2 = 0. The potential is periodic along the direction χ1, with period π. This

is consistent with our observation that |χi| ∈ [0, π/2]: see the last part of Appendix B.3.We used the other

parameters the same as in Table 1.

As we have seen from the previous arguments, the angular instability connects different extremal
trajectories in the warped deformed conifold. Depending on initial conditions, after the field falls from
one trajectory to the other, a non-trivial dynamics continues along the radial and, possibly, along the
angular directions. This implies that, at the later stages of slow-roll inflation, the inflaton field does
not generically fall into a global minimum, but into other extremal points that further evolve due
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Accident

Conceptually simple idea

Inflection point inflation: different contributions to the inflaton potential acci-
dentally cancel, leaving a potential sufficiently flat to sustain enough inflation.

In order to test this idea, we need to know high energy origin of inflation
model to concretely calculate corrections to inflationary potential

String inflation realizes inflation within a fundamental theory of nature providing
settings to test this possibility.

• String theory contains plenty of light scalars that can drive inflation

D-brane inflation:
D3-brane embedded in a warped throat (KS space-time, throat with fluxes turned on)

- The brane feels a force associated with presence of anti-brane as well as fluxes (KKLMMT)

- Inflaton feels the influence of additional light scalars, that have to be fixed by adding wrapped D7

Burgess et al, Baumann, Klebanov et al, + others have studied in detail this system,
showing that, with tunings of order of percent, sufficient inflation can be realized.

Many variations on this idea can be done:

� Warped geometries have been very well studied by string theorists to understand properties of QCD
in terms of gravity duals (AdS/CFT)

� With Chen, Gong, Koyama we realized a multi-field version (hybrid inflation) of the original model

What happens when inflation ends?

� With Edmenger, Halter, Núñez, we realized inflation in a background with D5 used to realize walking

technicolor

Is there particle production during inflation when D3 meet D5 branes?

Very interesting to exploit connection to AdS/CFT in cosmology
Study particle production in inflation, in strong coupling regimes

New tools to study cosmological regimes that are difficult to analyze otherwise.

Predictions: consistent with single field inflation, no tensor modes.

Scenarios compatible with observations so far.

5



Accident

Conceptually simple idea

Inflection point inflation: different contributions to the inflaton potential acci-

dentally cancel, leaving a potential sufficiently flat to sustain enough inflation.

In order to test this idea, we need to know high energy origin of inflation
model to concretely calculate corrections to inflationary potential

String inflation realizes inflation within a fundamental theory of nature providing

settings to test this possibility.

• String theory contains plenty of light scalars that can drive inflation

D-brane inflation:
D3-brane embedded in a warped throat (KS space-time, throat with

fluxes turned on)

- The brane feels a force associated with presence of anti-brane as well as fluxes

(KKLMMT)

- Still inflaton feels the influence of additional light scalars, that have to be fixed

by adding wrapped D7

Burgess et al, Baumann, Klebanov et al, + others have studied in detail this system,

showing that, with tunings of order of percent, sufficient inflation can be realized.

Many variations on this idea can be done:

� Warped geometries have been very well studied by string theorists to under-

stand properties of QCD in terms of gravity duals (AdS/CFT)

� With Chen, Gong, Koyama we realized a multi-field version (hybrid inflation)

of the original model

What happens when the inflaton oscillates?

� With Edmenger, Halter, Núñez, we realized inflation in a background with D5

used to realize walking technicolor

Is there particle production during inflation when D3 meet D5 branes?

Very interesting to exploit connection to AdS/CFT in cosmology
Study particle production in inflation, in strong coupling regimes

5

Accident

Conceptually simple idea

Inflection point inflation: different contributions to the inflaton potential acci-

dentally cancel, leaving a potential sufficiently flat to sustain enough inflation.

In order to test this idea, we need to know high energy origin of inflation
model to concretely calculate corrections to inflationary potential

String inflation realizes inflation within a fundamental theory of nature providing

settings to test this possibility.

• String theory contains plenty of light scalars that can drive inflation

D-brane inflation:
D3-brane embedded in a warped throat (KS space-time, throat with fluxes turned on)

- The brane feels a force associated with presence of anti-brane as well as fluxes

(KKLMMT)

- Still inflaton feels the influence of additional light scalars, that have to be fixed

by adding wrapped D7

Burgess et al, Baumann, Klebanov et al, + others have studied in detail this system,

showing that, with tunings of order of percent, sufficient inflation can be realized.

Many variations on this idea can be done:

� Warped geometries have been very well studied by string theorists to under-

stand properties of QCD in terms of gravity duals (AdS/CFT)

� With Chen, Gong, Koyama we realized a multi-field version (hybrid inflation)

of the original model

What happens when the inflaton oscillates?
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These observations are sufficient to extract important qualitative information about the outcome of
the instability process. For definiteness, let us consider the explicit example we studied in the previous
section, which corresponds to the first column of Table 2. For the choice of parameters summarised in
Table 1, all of the extremal points have at least one unstable angular mode except for the upper branch
of the delta-flat direction (|χ1| = |χ2| = π/2), which corresponds to the true vacuum of the D3-brane
along the angular directions. Until the point at which instability develops, all the angular modes are
at the origin. Nearby the instability region, the non-delta-flat trajectory becomes a local maximum
(or saddle point) for the angular modes. The angular masses become light and then tachyonic, and
the fields χi and ξ start to roll down the potential. In this case, the range of the variables are found
to be ξ ∈ [0, 4π] and χi ∈ [−π/2,π/2] (or equivalently |χi| ∈ [0,π/2]), as discussed in the last part
of Appendix B.3. After a possibly complicated dynamics, they reach another extremal point of lower
energy, at which all the squares of the mass eigenvalues are positive with our choice of parameters.
This corresponds to the upper branch of the delta-flat trajectory, the fourth column of Table 2. The
actual result depends on the detailed dynamics of the system. On the other hand, our knowledge of
the potential is sufficient to show that the angular field dynamics, starting at the point of instability,
connects the initial non-delta-flat with one of the delta-flat trajectories. As a representative example,
we plot in Fig. 7 the potential depending on both radial and angular directions, taking for definiteness
χ1 = χ2 and keeping ξ = 0. The plot clearly exhibits an instability along the non-delta-flat direction
(χ1 = χ2 = 0), and we can more easily see that the potential connects the false vacuum corresponding
to the lower branch of the non-delta-flat trajectory with the true vacuum corresponding to the upper
branch of the delta-flat trajectory (|χ1| = |χ2| = π/2) in the angular directions.
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Figure 7: The multi-field potential as a function of the radial direction and a particular choice of angular

coordinates χ1 = χ2 and ξ = 0. We can see that other stable trajectories exist at |χ1| = |χ2| = π/2 next

to the unstable one at χ1 = χ2 = 0. The potential is periodic along the direction χ1, with period π. This

is consistent with our observation that |χi| ∈ [0, π/2]: see the last part of Appendix B.3.We used the other

parameters the same as in Table 1.

As we have seen from the previous arguments, the angular instability connects different extremal
trajectories in the warped deformed conifold. Depending on initial conditions, after the field falls from
one trajectory to the other, a non-trivial dynamics continues along the radial and, possibly, along the
angular directions. This implies that, at the later stages of slow-roll inflation, the inflaton field does
not generically fall into a global minimum, but into other extremal points that further evolve due
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8

Using Eqs. (17) and (18), the condition ĥ(ρUV) = 1 implies

k1 !
√

3

8

Nc e−4ρUV/3
√
8ρUV − 1

c+
. (20)

After making this choice, we have fixed three of the parameters controlling the warped throat k1, k2,Φ0. We still can
vary c+ (controlling the profile of the dilaton field), ρ∗, the position ρUV at which the throat ends and the number
Nc of wrapped D5-branes at the tip of the throat.

All these parameters and scales discussed above will characterize our model of inflation. To close this section, let
us briefly summarize the most important parameters specifying the geometry and their physical interpretation, see
also Fig. 4.

• c+: controls VEV of a dimension-2 operator 〈U2〉 ∼ Nc

c+
corresponding to motion along baryonic branch — it

also induces dilaton profile.

• ρ∗: controls VEV of a dimension-6 operator 〈O6〉 ∼ e4ρ∗ inducing walking dynamics — also modifies the dilaton
profile, especially in IR region.

• ρUV: controls size of warp factor at the tip, i. e. ratio between confining scale and UV cutoff — distance over
which strong warping occurs: ∼ ρUV − ρ∗ .
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FIG. 4: Plots of P, e4Φ and ĥ as a function of ρ for Nc = 1, c0 = 100, ρ∗ ! 3 and ρUV = 7. The different scales ρ∗, ρI and ρUV

playing a role in this paper are indicated by the gray dashed lines.

III. BRIEF REVIEW OF WARPED D3 INFLATION

We consider a probe D3-brane placed in a warped throat geometry. The inflaton field will geometrically correspond
to the radial position of the D3-brane on the throat (the first papers identifying the inflaton with brane motion have
been [37–39]). To derive the canonically normalized inflationary action, we start from a generic string frame metric
— one can show that the relevant formulae below have the same expression if we work in Einstein frame — with a
warped conical region and RR four-form ansatz of the form

ds2st = H1 dx
2
1,3 +H2 dρ

2 + . . . , C4 = C4(ρ) dt ∧ dx1 ∧ dx2 ∧ dx3 , (21)

where the dots denote the angular part of the metric. The induced metric on a D3-brane that extends in the four
non-compact directions and moves along the radial direction,

Σ4 = [t, x1, x2, x3] , ρ = ρ(t) , (22)

is given by

ds2ind = H1 (dx
2
1 + dx2

2 + dx2
3) + (H2 ρ̇

2 −H1) dt
2 . (23)

The BIWZ action for this probe brane is, again in string frame,

SBIWZ = −T3

∫

d4x
(

e−Φ
√

− det[gind]− C4
)

= −T3

∫

d4x
(

e−ΦH2
1

√

1− H2

H1
ρ̇2 − C4

)

.

(24)
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Given these considerations, we would like to determine an inflationary trajectory generating sixty e-folds of slow-roll
inflation nearby the inflection point for the potential, namely for ρ ! ρ0. As we learned in the previous section, the
slow-roll parameters are suppressed by powers of 1/c+ and e−ρ∗ . In a regime of small values for these quantities,
as the one we are interested in, it is not difficult to adjust the slow-roll parameters η, ε to sufficiently small values
and moreover tune them independently, maintaining the robust relation ε ! |η|. The normalization of the power
spectrum, then can be easily further tuned by choosing ρUV. (Note that the scalings of all quantities depend only on
certain ratios of c+ and Nc such that any change in Nc can be compensated by adjusting c+ accordingly.)

Before providing the actual numbers, let us give an argument to fix the value of T3, the tension of the moving D3
brane, which depends on the details of bulk moduli stabilization. Upon introducing a finite UV cutoff ρUV and gluing
the throat into a compact space, the graviton zero mode will have most of its support in the essentially unwarped
compact space since it is exponentially suppressed in strongly-warped regions (see e. g. the discussion around Eq.
(C.10) of [3]). That is, we can approximate the (four-dimensional Planck-mass) MP as

M2
P ≈ 2V6

(2π)7 α′4 g2s
, (52)

where V6 is the volume of the compact space.
Recall that when defining the backgrounds around Eq. (1) we have set α′gs = 1. This was used in deriving the

above expressions for Ne, ε and η, so now we have to reinstate appropriate powers of α′gs to make Ne, ε and η
dimensionless. One can easily see that the relevant combination that should appear is

T3 α′gs
M2

P

, (53)

where the D3-brane tension T3 is given by

T3 =
1

(2π)3α′2gs
, (54)

andMP is determined by Eq. (52). For the numerical estimates in the following, we assume the bulk moduli controlling

gs and V6 have been stabilized such that gs ∼ 0.1 and V6 ∼
(

5
√
α′

)6
, which yields

T3 α′gs
M2

P

≈ (2π)7α′4g2s
2V6

α′gs
(2π)3α′2gs

∼ (2π)4

2
g2s

α′3

V6
∼ 5× 10−4 . (55)

Similarly, the ratio T3/M4
P is given by

T3

M4
P

≈ (2π)11 g3s α
′6

4V2
6

∼ 6× 10−4 . (56)

Equipped with these two ratios (the latter one enters into the amplitude of the scalar power spectrum), whose precise
values depend on the details of bulk moduli stabilization, we can now fix our parameters in order to match observations.
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FIG. 8: Plots of ε, η and Ne for the example choice of parameters specified in Eq. (57). The gray dashed lines mark the
positions of the inflection points ρ0 ! 0.98 and the point ρinf corresponding to about 60 e-folds before the end of inflation.

Accident

Conceptually simple idea

Inflection point inflation: different contributions to the inflaton potential acci-
dentally cancel, leaving a potential sufficiently flat to sustain enough inflation.

In order to test this idea, we need to know high energy origin of inflation
model to concretely calculate corrections to inflationary potential

String inflation realizes inflation within a fundamental theory of nature providing
settings to test this possibility.

• String theory contains plenty of light scalars that can drive inflation

D-brane inflation:
D3-brane embedded in a warped throat (KS space-time, throat with fluxes turned on)

- The brane feels a force associated with presence of anti-brane as well as fluxes (KKLMMT)

- Inflaton feels the influence of additional light scalars, that have to be fixed by adding wrapped D7

Burgess et al, Baumann, Klebanov et al, + others have studied in detail this system,
showing that, with tunings of order of percent, sufficient inflation can be realized.

Many variations on this idea can be done:

� Warped geometries have been very well studied by string theorists to understand properties of QCD
in terms of gravity duals (AdS/CFT)

� With Chen, Gong, Koyama we realized a multi-field version (hybrid inflation) of the original model

What happens when inflation ends?

� With Edmenger, Halter, Núñez, we realized inflation in a background with D5 used to realize walking

technicolor

Is there particle production during inflation when D3 meet D5 branes?

Very interesting to exploit connection to AdS/CFT in cosmology
Study particle production in inflation, in strong coupling regimes

New tools to study cosmological regimes that are difficult to analyze otherwise.

Predictions: consistent with single field inflation, no tensor modes.

Scenarios compatible with observations so far.

5

Accident

Conceptually simple idea

Inflection point inflation: different contributions to the inflaton potential acci-
dentally cancel, leaving a potential sufficiently flat to sustain enough inflation.

In order to test this idea, we need to know high energy origin of inflation
model to concretely calculate corrections to inflationary potential

String inflation realizes inflation within a fundamental theory of nature providing
settings to test this possibility.

• String theory contains plenty of light scalars that can drive inflation

D-brane inflation:
D3-brane embedded in a warped throat (KS space-time, throat with fluxes turned on)

The position of the moving D3 brane corresponds to the rolling inflaton

- The brane feels a force associated with presence of anti-brane as well as fluxes (KKLMMT)

- Inflaton feels the influence of additional light scalars, that have to be fixed by adding wrapped D7

Burgess et al, Baumann, Klebanov et al, + others have studied in detail this system,
showing that, with tunings of order of percent, sufficient inflation can be realized.

Delicate inflation

Many variations on this idea can be done:

� Warped geometries have been very well studied by string theorists to understand properties of QCD
in terms of gravity duals (AdS/CFT)

� With Chen, Gong, Koyama we realized a multi-field version (hybrid inflation) of the original model

⇒ Use a set-up where angular directions become tachyonic towards the IR

What happens when inflation ends?
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Using Eqs. (17) and (18), the condition ĥ(ρUV) = 1 implies

k1 !
√

3

8

Nc e−4ρUV/3
√
8ρUV − 1

c+
. (20)

After making this choice, we have fixed three of the parameters controlling the warped throat k1, k2,Φ0. We still can
vary c+ (controlling the profile of the dilaton field), ρ∗, the position ρUV at which the throat ends and the number
Nc of wrapped D5-branes at the tip of the throat.

All these parameters and scales discussed above will characterize our model of inflation. To close this section, let
us briefly summarize the most important parameters specifying the geometry and their physical interpretation, see
also Fig. 4.

• c+: controls VEV of a dimension-2 operator 〈U2〉 ∼ Nc

c+
corresponding to motion along baryonic branch — it

also induces dilaton profile.

• ρ∗: controls VEV of a dimension-6 operator 〈O6〉 ∼ e4ρ∗ inducing walking dynamics — also modifies the dilaton
profile, especially in IR region.

• ρUV: controls size of warp factor at the tip, i. e. ratio between confining scale and UV cutoff — distance over
which strong warping occurs: ∼ ρUV − ρ∗ .

0 2 4 6 8
10

100

1000

104

105

Ρ

P

Ρ"

c0

# c$ e 4 Ρ! 3

# c0

0 2 4 6 8
0.992

0.994

0.996

0.998

1.000

Ρ

e 4 Φ

Ρ I Ρ"

& c$'2

0 2 4 6 8
1

10

100

1000

104

105

Ρ

h

Ρ I Ρ" Ρuv

FIG. 4: Plots of P, e4Φ and ĥ as a function of ρ for Nc = 1, c0 = 100, ρ∗ ! 3 and ρUV = 7. The different scales ρ∗, ρI and ρUV

playing a role in this paper are indicated by the gray dashed lines.

III. BRIEF REVIEW OF WARPED D3 INFLATION

We consider a probe D3-brane placed in a warped throat geometry. The inflaton field will geometrically correspond
to the radial position of the D3-brane on the throat (the first papers identifying the inflaton with brane motion have
been [37–39]). To derive the canonically normalized inflationary action, we start from a generic string frame metric
— one can show that the relevant formulae below have the same expression if we work in Einstein frame — with a
warped conical region and RR four-form ansatz of the form

ds2st = H1 dx
2
1,3 +H2 dρ

2 + . . . , C4 = C4(ρ) dt ∧ dx1 ∧ dx2 ∧ dx3 , (21)

where the dots denote the angular part of the metric. The induced metric on a D3-brane that extends in the four
non-compact directions and moves along the radial direction,

Σ4 = [t, x1, x2, x3] , ρ = ρ(t) , (22)

is given by

ds2ind = H1 (dx
2
1 + dx2

2 + dx2
3) + (H2 ρ̇

2 −H1) dt
2 . (23)

The BIWZ action for this probe brane is, again in string frame,

SBIWZ = −T3

∫

d4x
(

e−Φ
√

− det[gind]− C4
)

= −T3

∫

d4x
(

e−ΦH2
1

√

1− H2

H1
ρ̇2 − C4

)

.

(24)
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Given these considerations, we would like to determine an inflationary trajectory generating sixty e-folds of slow-roll
inflation nearby the inflection point for the potential, namely for ρ ! ρ0. As we learned in the previous section, the
slow-roll parameters are suppressed by powers of 1/c+ and e−ρ∗ . In a regime of small values for these quantities,
as the one we are interested in, it is not difficult to adjust the slow-roll parameters η, ε to sufficiently small values
and moreover tune them independently, maintaining the robust relation ε ! |η|. The normalization of the power
spectrum, then can be easily further tuned by choosing ρUV. (Note that the scalings of all quantities depend only on
certain ratios of c+ and Nc such that any change in Nc can be compensated by adjusting c+ accordingly.)

Before providing the actual numbers, let us give an argument to fix the value of T3, the tension of the moving D3
brane, which depends on the details of bulk moduli stabilization. Upon introducing a finite UV cutoff ρUV and gluing
the throat into a compact space, the graviton zero mode will have most of its support in the essentially unwarped
compact space since it is exponentially suppressed in strongly-warped regions (see e. g. the discussion around Eq.
(C.10) of [3]). That is, we can approximate the (four-dimensional Planck-mass) MP as

M2
P ≈ 2V6

(2π)7 α′4 g2s
, (52)

where V6 is the volume of the compact space.
Recall that when defining the backgrounds around Eq. (1) we have set α′gs = 1. This was used in deriving the

above expressions for Ne, ε and η, so now we have to reinstate appropriate powers of α′gs to make Ne, ε and η
dimensionless. One can easily see that the relevant combination that should appear is

T3 α′gs
M2

P

, (53)

where the D3-brane tension T3 is given by

T3 =
1

(2π)3α′2gs
, (54)

andMP is determined by Eq. (52). For the numerical estimates in the following, we assume the bulk moduli controlling

gs and V6 have been stabilized such that gs ∼ 0.1 and V6 ∼
(

5
√
α′

)6
, which yields

T3 α′gs
M2

P

≈ (2π)7α′4g2s
2V6

α′gs
(2π)3α′2gs

∼ (2π)4

2
g2s

α′3

V6
∼ 5× 10−4 . (55)

Similarly, the ratio T3/M4
P is given by

T3

M4
P

≈ (2π)11 g3s α
′6

4V2
6

∼ 6× 10−4 . (56)

Equipped with these two ratios (the latter one enters into the amplitude of the scalar power spectrum), whose precise
values depend on the details of bulk moduli stabilization, we can now fix our parameters in order to match observations.
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positions of the inflection points ρ0 ! 0.98 and the point ρinf corresponding to about 60 e-folds before the end of inflation.
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- The brane feels a force associated with presence of anti-brane as well as fluxes (KKLMMT)

- Inflaton feels the influence of additional light scalars, that have to be fixed by adding wrapped D7
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showing that, with tunings of order of percent, sufficient inflation can be realized.

Many variations on this idea can be done:

� Warped geometries have been very well studied by string theorists to understand properties of QCD
in terms of gravity duals (AdS/CFT)

� With Chen, Gong, Koyama we realized a multi-field version (hybrid inflation) of the original model
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� With Edmenger, Halter, Núñez, we realized inflation in a background with D5 used to realize walking

technicolor

– Strongly coupled dynamics in QFT ⇒ Exact geometry in gravity (cosmology) side!

Is there particle production during inflation when D3 meet D5 branes?

– Strong coupling in cosmology ⇒ Weakly coupled, computable setting in QFT side?

Very interesting to exploit connection to AdS/CFT in cosmology
Study particle production in inflation, in strong coupling regimes

New tools to study cosmological regimes that are difficult to analyze otherwise.

5



Accident

Conceptually simple idea

Inflection point inflation: different contributions to the inflaton potential acci-

dentally cancel, leaving a potential sufficiently flat to sustain enough inflation.

In order to test this idea, we need to know high energy origin of inflation
model to concretely calculate corrections to inflationary potential

String inflation realizes inflation within a fundamental theory of nature providing

settings to test this possibility.

• String theory contains plenty of light scalars that can drive inflation

D-brane inflation:
D3-brane embedded in a warped throat (KS space-time, throat with

fluxes turned on)

- The brane feels a force associated with presence of anti-brane as well as fluxes

(KKLMMT)

- Still inflaton feels the influence of additional light scalars, that have to be fixed

by adding wrapped D7

Burgess et al, Baumann, Klebanov et al, + others have studied in detail this system,

showing that, with tunings of order of percent, sufficient inflation can be realized.

Many variations on this idea can be done:

� Warped geometries have been very well studied by string theorists to under-

stand properties of QCD in terms of gravity duals (AdS/CFT)

� With Chen, Gong, Koyama we realized a multi-field version (hybrid inflation)

of the original model

What happens when the inflaton oscillates?

� With Edmenger, Halter, Núñez, we realized inflation in a background with D5

used to realize walking technicolor

Is there particle production during inflation when D3 meet D5 branes?

Very interesting to exploit connection to AdS/CFT in cosmology
Study particle production in inflation, in strong coupling regimes
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– Strongly coupled dynamics in QFT ⇒ Exact geometry in gravity (cosmology) side!
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– Strong coupling in cosmology ⇒ Weakly coupled, computable setting in QFT side?
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⇒ Exploits and applies the most modern string theory techniques for cosmology
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Very interesting to exploit connections between AdS/CFT tools and cosmology

• Skenderis et al attempt to use AdS/CFT to analytically calculate dynamics of cosmological fluctua-
tions in strongly coupled scenarios

New tools to study cosmological regimes that are difficult to analyze by analytical methods

• a

New tools to study cosmological regimes that are difficult to analyze otherwise.

Predictions:

• Consistent with single field inflation, no tensor modes.

• But controllable complications can be added, that leads to features to power-
spectrum or non-G

Scenarios compatible with observations so far.
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Large derivative self-interactions

Imagine that the inflaton is not weakly coupled, and assume one can find a realiza-
tion of inflation that exploits this feature.

Then, large (expected) corrections to the inflaton mass should be harmless (or even
welcome) for inflaton dynamics.

In order to realize this idea, we need derivative self-interactions:

hard to build consistent (ghost-free) theories containing them, but possible:
DBI inflation; G-inflation; Galileon inflation.

DBI inflation can be motivated from string theory: a high energy completion that
allows to analyze naturalness issues in this context.

SDBI = −
�

d4x
√
−g

�
1

f(φ)

��
1− f(φ) φ̇2 − 1

�
+ V (φ)

�

Idea: since f(φ) φ̇2 ≤ 1 then if f(φ) is large then inflaton velocity is bounded:

No matter how large the inflaton mass is!

cs =
�
1− f(φ) φ̇2 ≤ 1

Great idea for our eta problem:

• Mass of inflaton can become arbitrarily large without spoiling inflation

• Inflaton has large self-interactions: large non-G of equilateral shape is produced!

But there’s a couple of important issues:

� This scenario produces too large non-G: f eq
NL � 1/c2s: tension with bounds on

tensor-scalar ratio

� Embedding in stringy warped throat problematic for backreaction issues
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Figure 1. Geometric illustration of our example model. Inflation is driven by two probe D3 branes
traversing two distinct warped throats glued to a compact Calabi-Yau manifold in type IIB string
theory. The radial co-ordinates of the D-branes play the role of the fields φ and χ. The throats are
produced by stacks of D3 branes that source RR fluxes and we include fractional D3 branes at the
tips to cut-off the throats.

4.1 Background trajectory

We model inflation as driven by two probe D3 branes traversing two distinct warped throats
glued to a compact Calabi-Yau in type IIB string theory [58–60], as in figure 1. Each throat
is produced by a stack of N D3 branes located at the tip of the conifold, sourcing N units of
5-form flux which warp the space. In addition, we add M wrapped D5 branes at the apex
of each throat that source M units of magnetic RR 3-form flux, through the S3 of the basis
T 11 of the cone. The resulting space-time is a Klebanov-Tseytlin throat [85] and we refer to
[86] for a review of the geometrical aspects of this set up and [87] for the case of single field
inflation in a cut-off throat. Given the above, the warp factors are given by

f (φ) =
λ1

φ4

(

1 + λ2 log

(

φ

λ3

))

, (4.1)

where f (χ) is given by replacing φ → χ. For simplicity we have assumed the same warping in

each throat, such that λ(φ)
i = λ(χ)

i = λi, which does not qualitatively alter our conclusions.
Here λi control the number of RR fluxes switched on and, in particular, λ2 is dependent on
M [86]. Geometrically, the logarithmic running of the warp factor implies that the effective
number of units of 5-form flux varies, depending on the position along the throat. Note
the infrared singularity at φ = λ3 e−1/λ2 where the supergravity approximation used to
obtain the geometry breaks down and the solution becomes unreliable. By considering a
generalization of the previous set-up, obtained by wrapping branes on a deformed conifold,
this singularity can be tamed [88]. However, the inflationary trajectory we consider does
not reach the IR singularity and so we adopt (4.1) for the warp factors. Figure 2 illustrates
f (φ) for representative values of the parameters, which we will use hereafter. Note that such
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• Equilateral nonG produced at horizon exit, that must then be evolved at su-
perhorizon scales; at the same time local non-G is produced
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We find an additional term however, specific to non-standard kinetic terms, given by

sss =
ε(χ)s(φ) + ε(φ)s(χ)

ε
. (3.19)

Finally, we substitute the results for N,I (3.13) and N,IJ (3.15) into the expressions for nζ

(2.19) and f (4)
NL (2.24) to find

nζ − 1 = −2ε$ − 2

u

(

1− (η(φ)" +s(φ)" )

ε(φ)"

u

)

+ v

(

1− (η(χ)
" +s(χ)

" )

ε(χ)
"

v

)

u2

ε
(φ)
"

+ v2

ε
(χ)
"

, (3.20)
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5
f (4)
NL =

u2

ε(φ)"

(

1− (η
(φ)
" +s

(φ)
" )

ε(φ)"

u

)

+ v2

ε(χ)
"

(

1− (η
(χ)
" +s

(χ)
" )

ε(χ)
"

v

)

+ 2
(

u

ε(φ)"

− v

ε(χ)
"

)2
A

(

u2

ε
(φ)
"

+ v2

ε
(χ)
"

)2 . (3.21)

The above results are valid for the two-field scenario detailed in section 2.1 assuming com-
parable sound speeds and slow variation at horizon exit, in addition to a separable Hubble

parameter. Note that c(φ)$ and c(χ)$ do not appear explicitly in these expressions, since we
assume they are approximately equal and therefore cancel.

It is straight forward to confirm that (3.20) and (3.21) recover previous results in the
appropriate limits. To recover the single field expressions we consider χ̇ → 0, such that

Zf → H(χ)
f , u → 1 and v → 0, since in the single field limit the curvature perturbation ζ is

conserved after horizon exit and all parameters can be evaluated at t$. With this, we find

nζ − 1 = −4ε(φ)$ + 2η(φ)$ + 2s(φ)$ ,
6

5
f (4)
NL = ε(φ)$ − η(φ)$ − s(φ)$ , (3.22)

and recover the single field results [45]. Moreover, it is trivial to check that we recover the
canonical results, since in the limit c(φ)= c(χ)= 1 the expressions (3.20) and (3.21) coincide
with those of [29].

With regard to the general behaviour of our results, inspection of (3.20) shows that
nζ − 1 will remain O(ε$), where here ε represents first order in slow variation. This is in
keeping with observation of a nearly scale invariant power spectrum [84]. Notice that whilst

the above does contain additional factors of s(φ)$ and s(χ)$ with respect to [29], their effect
does not alter the conclusion that nζ − 1 remains O(ε$).
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To make analytical progress we now restrict our attention to two-field models, with
fields φ and χ, that posses a sum separable Hubble parameter

H(φ,χ) = H(φ)(φ) +H(χ)(χ), (4.1)

which leads to a number of simplifications. Inspection of (2.5) shows that the sound speed
c(I) becomes a function of its respective field φI only, such that c(φ)(φ) and c(χ)(χ). Moreover,
mixed derivatives of H (i.e. H,φχ) become zero. The combination of the above reduces the
number of relevant slow variation parameters

ε(φ) = 2c(φ)
(

H,φ

H

)2

, ε(χ) = 2c(χ)
(

H,χ

H

)2

, (4.2)

η(φ) = 2c(φ)
H,φφ

H
, η(χ) = 2c(χ)

H,χχ

H
, (4.3)

s(φ) = 2c(φ),φ

H,φ

H
, s(χ) = 2c(χ),χ

H,χ

H
, (4.4)

where ε = ε(φ)+ε(χ) and we emphasise again that η(I) and s(I) can become much greater than
one after horizon exit. Crucially though, the above assumption enables us to calculate the
field derivatives of N analytically by defining an integral of motion. Here we simply quote
the results of our previous work [59], where the full details of the calculation can be found.
The derivatives of N can be expressed in terms of slow variation parameters

N,φ! =
1

√

2ε(φ)# c#

u, N,χ! =
1

√

2ε(χ)# c#

v, (4.5)

where, for brevity, we have introduced the following definitions

u =
H(φ)

# + Zf

H#
, v =

H(χ)
# − Zf

H#
, Zf =

H(χ)
f ε(φ)f −H(φ)

f ε(χ)f

εf
. (4.6)

On substitution of the above into the result (3.30) , we arrive at the following expression for

f (3)
NL

f (3)
NL(k1, k2, k3) =

5

6

Λ(k1, k2, k3)
∑

i k
3
i

1

c2#

(

u3

ε(φ)
2

!

+ v3

ε(χ)2
!

)

(

u2

ε(φ)!

+ v2

ε(χ)
!

)2 , (4.7)
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• With Emery and Wands we studied in detail a set-up in which large (but
tunable) non-G of both shapes can be produced depending on initial conditions
and choice of model parameters
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Figure 4. Evolution of the sound speeds c(φ) and c(χ) (solid). For most of inflation c(φ) ! c(χ) " 1
but during the last few e-folds both rise rapidly, with c(χ) > c(φ). This explains the downward
curving trajectory in figure 3. For comparison, the dashed line shows the corresponding evolution for
H(φ) = H(χ).

motion of χ is now less inhibited than that of φ, the trajectory in figure 3 curves in the χ
direction. Whilst this implies the presence of isocurvature modes at the end of inflation, we
cannot track any subsequent evolution without an explicit model of reheating, as noted in
section 3.3.

4.2 Evolution of f (4)
NL

Given this trajectory, we use the expressions in section 3.3 to study the evolution of the

relevant quantities (e.g. f (4)
NL) as a function of tf for a fixed t!. Considering first the two-

point statistics we find Pζ = 2.44 × 10−9 and nζ − 1 = −0.0108 at the end of inflation,
which are consistent with observations [84] and remain approximately constant throughout
inflation. This is as expected, since the corresponding expressions are not sensitive to the
rapidly varying sound speeds at the end of inflation.

Considering now the three-point statistics, we find that the rapidly changing sound
speeds allow s(φ) and s(χ) to increase towards the end of inflation. We note again that, since
our approach does not rely on slow variation after horizon exit, we are able to study such
regimes with confidence in our results. We therefore find that sss increases dramatically,
as illustrated in figure 5, and so therefore does A. In addition to the enhancement of A,
the small departure from single field behaviour towards the end of inflation, as illustrated in

figure 3, produces a non-zero term preceding A in the expression for f (4)
NL (3.21). Note that

regardless of the magnitude of A, f (4)
NL would remain small for a straight trajectory (i.e. for

H(φ) = H(χ)). The combined effect therefore is a rapid increase towards f (4)
NL ! −20 at the end

of inflation, as shown in figure 5. Note that the negative sign of the non-linearity parameter
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Large derivative self-interactions

Imagine that the inflaton is not weakly coupled, and assume one can find a realiza-
tion of inflation that exploits this feature.

Then, large (expected) corrections to the inflaton mass should be harmless (or even
welcome) for inflaton dynamics.

In order to realize this idea, we need derivative self-interactions:

hard to build consistent (ghost-free) theories containing them, but possible:
DBI inflation; G-inflation; Galileon inflation.

DBI inflation can be motivated from string theory: a high energy completion that
allows to analyze naturalness issues in this context.

SDBI = −
�

d4x
√
−g

�
1

f(φ)

��
1− f(φ) φ̇2 − 1

�
+ V (φ)

�

Idea: since f(φ) φ̇2 ≤ 1 then if f(φ) is large then inflaton velocity is bounded:

No matter how large the inflaton mass is!

cs =
�
1− f(φ) φ̇2 ≤ 1

Great idea for our eta problem:

• Mass of inflaton can become arbitrarily large without spoiling inflation

• Inflaton has large self-interactions: large non-G of equilateral shape is produced!

But there’s a couple of important issues:

� This scenario produces too large non-G: f eq
NL � 1/c2s: tension with bounds on

tensor-scalar ratio

� Embedding in stringy warped throat problematic for backreaction issues

6

• With Emery and Wands we studied in detail a set-up in which large (but
tunable) non-G of both shapes can be produced depending on initial conditions
and choice of model parameters

DBI, Hordenski, Galileon, etc etc

• Very nice theoretical idea to address naturalness issues

• It exploits large derivative self-interactions

– General prediction: large non-Gaussianity are produced

– But this conclusion can be avoided: non-Gaussianities might result of a
size that’s just below Planck sensitivity

• Maybe correct, but sounds very strange....

Analogy: Technicolor scenario for explaining EWSB in particle physics models
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Symmetries

Can the inflaton mass be protected by some symmetry, that prevents corrections to

inflaton mass?

What are the possibilities?

� Supersymmetry Doesn’t work: susy breaking scale is of order Hubble parameter

� Shift symmetry This looks good and simple: Natural inflation

The inflaton is an axion a

a → a+ const

Symmetry prevents mass term for the inflaton field at each order in perturbations.

Broken by non-perturbative effects that makes the symmetry discrete (φ = a f):

V (φ) = Λ4

�
1− cos

�
φ

f

��

Good thing: not only addresses naturalness issue, it also allows for superplanckian excursions:

if f ≥ MP l then ∆φ ≥ MP l

Question: Can you find a UV completion?

Problem turns out to be difficult to obtain consistent models with f > MP l in string theory

(geometrical obstructions)

– N-inflation (Kim et al, Dimopolous et al)

– Axion monodromy inflation (Silverstein et al)

String theory contains many axions (p-form gauge potentials integrated over p-cycles).

Consider for At the classical level they don’t have any potential

→ you acquire a potential by wrapping D-branes on the cycles: again you exploit DBI action

SDBI =

At large values of b (the axion) you get linear potential.

Problems?

- The mechanism works for NS5 branes: delicate issues of backreaction...

- What about reheating? how does the inflaton couple to matter without spoiling shift symmetry?
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where Λ is a dynamically-generated scale, f is known as the axion decay constant, φ ≡ af , and the

omitted terms are higher harmonics.

As explained above, an important question, in any proposed effective theory in which a super-

Planckian field range is protected by a shift symmetry, is whether this structure can be UV-

completed. We should therefore search in string theory for an axion with decay constant f > Mpl.

29.3.1 Axions in String Theory

Axions from p-Forms

Axions are plentiful in string compactifications, arising from p-form gauge potentials integrated

on p-cycles of the compact space. For example, in type IIB string theory, there are axions bi =

2π
�
Σi

B arising from integrating the Neveu-Schwarz (NS) two-form B over two-cycles Σi, as well

as axions ci = 2π
�
Σi

C arising from the Ramond-Ramond (RR) two-form C. In the absence of

additional ingredients such as fluxes and space-filling wrapped branes, the potential for these axions

is classically flat and has a continuous shift symmetry which originates in the gauge invariance of the

ten-dimensional action. Instanton effects break this symmetry to a discrete subgroup, bi → bi + 2π

(ci → ci + 2π). This leads to a periodic contribution to the axion potential whose periodicity we

will now estimate. We will find that the axion decay constants are smaller than Mpl in known,

computable limits of string theory [126, 127]. Readers less familiar with string compactifications can

accept this assertion and skip to §29.3.2 without loss of continuity.

D5-braneD5-brane

B-fluxB-flux

Figure 39: Axion Monodromy

Axion Decay Constants in String Theory

Let ωi be a basis for H2(X,Z), the space of two-forms on the compact space X, with
�
Σi

ωj = α�δ j
i .

The NS two-form potential B may be expanded as

B =
1

2π

�

i

bi(x)ω
i
, (384)

with x the four-dimensional spacetime coordinate. The axion decay constant can be inferred from

the normalization of the axion kinetic term, which in this case descends from the ten-dimensional
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Symmetries

Can inflation be protected by some symmetry, that prevents corrections to inflaton mass?

What are the possibilities?

� Supersymmetry Doesn’t work: susy breaking scale is of order Hubble parameter

� Shift symmetry This looks good and simple: Natural inflation

The inflaton is an axion a

a → a+ const

Symmetry prevents mass term for the inflaton field at each order in perturbations.

Broken by non-perturbative effects that makes the symmetry discrete (φ = a f):

V (φ) = Λ4

�
1− cos

�
φ

f

��

Good thing: not only addresses naturalness issue, it also allows for superplanckian excursions:

if f ≥ MP l then ∆φ ≥ MP l

Question: Can you find a UV completion?

Problem turns out to be difficult to obtain consistent models with f > MP l in string theory

(geometrical obstructions)

– N-inflation (Kim et al, Dimopolous et al)

– Axion monodromy inflation (Silverstein et al)

String theory contains many axions (p-form gauge potentials integrated over p-cycles).

Consider for At the classical level they don’t have any potential

→ you acquire a potential by wrapping D-branes on the cycles: again you exploit DBI action

SDBI =

At large values of b (the axion) you get linear potential.

Problems?

- The mechanism works for NS5 branes: delicate issues of backreaction...

- What about reheating? how does the inflaton couple to matter without spoiling shift symmetry?
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where Λ is a dynamically-generated scale, f is known as the axion decay constant, φ ≡ af , and the

omitted terms are higher harmonics.

As explained above, an important question, in any proposed effective theory in which a super-

Planckian field range is protected by a shift symmetry, is whether this structure can be UV-

completed. We should therefore search in string theory for an axion with decay constant f > Mpl.

29.3.1 Axions in String Theory

Axions from p-Forms

Axions are plentiful in string compactifications, arising from p-form gauge potentials integrated

on p-cycles of the compact space. For example, in type IIB string theory, there are axions bi =

2π
�
Σi

B arising from integrating the Neveu-Schwarz (NS) two-form B over two-cycles Σi, as well

as axions ci = 2π
�
Σi

C arising from the Ramond-Ramond (RR) two-form C. In the absence of

additional ingredients such as fluxes and space-filling wrapped branes, the potential for these axions

is classically flat and has a continuous shift symmetry which originates in the gauge invariance of the

ten-dimensional action. Instanton effects break this symmetry to a discrete subgroup, bi → bi + 2π

(ci → ci + 2π). This leads to a periodic contribution to the axion potential whose periodicity we

will now estimate. We will find that the axion decay constants are smaller than Mpl in known,

computable limits of string theory [126, 127]. Readers less familiar with string compactifications can

accept this assertion and skip to §29.3.2 without loss of continuity.
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The NS two-form potential B may be expanded as

B =
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with x the four-dimensional spacetime coordinate. The axion decay constant can be inferred from

the normalization of the axion kinetic term, which in this case descends from the ten-dimensional
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What are the possibilities?

� Supersymmetry Doesn’t work: susy breaking scale is of order Hubble parameter

� Shift symmetry This looks good and simple: Natural inflation

The inflaton is an axion a

a → a+ const

Symmetry prevents mass term for the inflaton field at each order in perturbations.

Broken by non-perturbative effects that makes the symmetry discrete (φ = a f):

V (φ) = Λ4
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Good thing: not only addresses naturalness issue, it also allows for superplanckian excursions:

if f ≥ MP l then ∆φ ≥ MP l

Question: Can you find a UV completion?

Problem turns out to be difficult to obtain consistent models with f > MP l in string theory

(geometrical obstructions)

– N-inflation (Kim et al, Dimopolous et al)

– Axion monodromy inflation (Silverstein et al)

String theory contains many axions (p-form gauge potentials integrated over p-cycles).

Consider for At the classical level they don’t have any potential

→ you acquire a potential by wrapping D-branes on the cycles: again you exploit DBI action

SDBI =

At large values of b (the axion) you get linear potential.

Problems?

- The mechanism works for NS5 branes: delicate issues of backreaction...

- What about reheating? how does the inflaton couple to matter without spoiling shift symmetry?
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Let ωi be a basis for H2(X,Z), the space of two-forms on the compact space X, with
�
Σi

ωj = α�δ j
i .

The NS two-form potential B may be expanded as

B =
1

2π

�

i

bi(x)ω
i
, (384)

with x the four-dimensional spacetime coordinate. The axion decay constant can be inferred from

the normalization of the axion kinetic term, which in this case descends from the ten-dimensional
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Symmetries

Can the inflaton mass be protected by some symmetry, that prevents corrections to

inflaton mass?

What are the possibilities?

� Supersymmetry Doesn’t work: susy breaking scale is of order Hubble parameter

� Shift symmetry This looks good and simple: Natural inflation

The inflaton is an axion a

a → a+ const

Symmetry prevents mass term for the inflaton field at each order in perturbations.

Broken by non-perturbative effects that makes the symmetry discrete (φ = a f):

V (φ) = Λ4

�
1− cos

�
φ

f

��

Good thing: not only addresses naturalness issue, it also allows for superplanckian excursions:

if f ≥ MP l then ∆φ ≥ MP l

Question: Can you find a UV completion?

Problem turns out to be difficult to obtain consistent models with f > MP l in string theory

(geometrical obstructions)

– N-inflation (Kim et al, Dimopolous et al)

– Axion monodromy inflation (Silverstein et al)

String theory contains many axions (p-form gauge potentials integrated over p-cycles).

Consider for At the classical level they don’t have any potential

→ you acquire a potential by wrapping D-branes on the cycles: again you exploit DBI action

SDBI =

At large values of b (the axion) you get linear potential.

Problems?

- The mechanism works for NS5 branes: delicate issues of backreaction...

- What about reheating? how does the inflaton couple to matter without spoiling shift symmetry?
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Low energy limit of string theory is supergravity. F-term potential for N = 1 sugra is

VF = eK/M2
Pl

�
Kij̄ DiWDj̄W̄ − 3 |W |2

M2
P l

�

Consider case in which

�

ij̄

Kij̄ KiKj̄ = 3 (no-scale condition)

W = W0

Then VF = 0 ⇒ scalar potential is flat.

Idea:

Break the no-scale symmetry in a controllable way: Large Volume scenario (Conlon, Quevedo, + others)

- Contributions to the potential are expressed as a perturbative expansion in inverse powers of a very
large quantity V: the volume of the extra-dimensional space

- A model of inflation can be built: inflaton is the last light modulus rolling towards its minimum
Dangerous corrections to inflationary potential are tamed by very small coefficients
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Can the inflaton mass be protected by some symmetry, that prevents corrections to

inflaton mass?

What are the possibilities?

� Supersymmetry Doesn’t work: susy breaking scale is of order Hubble parameter

� Shift symmetry This looks good and simple: Natural inflation

The inflaton is an axion a

a → a+ const

Symmetry prevents mass term for the inflaton field at each order in perturbations.

Broken by non-perturbative effects that makes the symmetry discrete (φ = a f):

V (φ) = Λ4

�
1− cos

�
φ

f

��

Good thing: not only addresses naturalness issue, it also allows for superplanckian excursions:

if f ≥ MP l then ∆φ ≥ MP l

Question: Can you find a UV completion?

Problem turns out to be difficult to obtain consistent models with f > MP l in string theory

(geometrical obstructions)

– N-inflation (Kim et al, Dimopolous et al)

– Axion monodromy inflation (Silverstein et al)

String theory contains many axions (p-form gauge potentials integrated over p-cycles).

Consider for At the classical level they don’t have any potential

→ you acquire a potential by wrapping D-branes on the cycles: again you exploit DBI action

SDBI =

At large values of b (the axion) you get linear potential.

Problems?

- The mechanism works for NS5 branes: delicate issues of backreaction...

- What about reheating? how does the inflaton couple to matter without spoiling shift symmetry?
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Symmetries

Can the inflaton mass be protected by some symmetry, that prevents corrections to

inflaton mass?

What are the possibilities?

� Supersymmetry Doesn’t work: susy breaking scale is of order Hubble parameter

� Shift symmetry This looks good and simple: Natural inflation

The inflaton is an axion a

a → a+ const

Symmetry prevents mass term for the inflaton field at each order in perturbations.

Broken by non-perturbative effects that makes the symmetry discrete (φ = a f):

V (φ) = Λ4

�
1− cos

�
φ

f

��

Good thing: not only addresses naturalness issue, it also allows for superplanckian excursions:

if f ≥ MP l then ∆φ ≥ MP l

Question: Can you find a UV completion?

Problem turns out to be difficult to obtain consistent models with f > MP l in string theory

(geometrical obstructions)

– N-inflation (Kim et al, Dimopolous et al)

– Axion monodromy inflation (Silverstein et al)

String theory contains many axions (p-form gauge potentials integrated over p-cycles).

Consider for At the classical level they don’t have any potential

→ you acquire a potential by wrapping D-branes on the cycles: again you exploit DBI action

SDBI =

At large values of b (the axion) you get linear potential.

Problems?

- The mechanism works for NS5 branes: delicate issues of backreaction...

- What about reheating? how does the inflaton couple to matter without spoiling shift symmetry?
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Symmetries

Can the inflaton mass be protected by some symmetry, that prevents corrections to

inflaton mass?

What are the possibilities?

� Supersymmetry Doesn’t work: susy breaking scale is of order Hubble parameter

� Shift symmetry This looks good and simple: Natural inflation

The inflaton is an axion a

a → a+ const

Symmetry prevents mass term for the inflaton field at each order in perturbations.

Broken by non-perturbative effects that makes the symmetry discrete (φ = a f):

V (φ) = Λ4

�
1− cos

�
φ

f

��

Good thing: not only addresses naturalness issue, it also allows for superplanckian excursions:

if f ≥ MP l then ∆φ ≥ MP l

Question: Can you find a UV completion?

Problem turns out to be difficult to obtain consistent models with f > MP l in string theory

(geometrical obstructions)

– N-inflation (Kim et al, Dimopolous et al)

– Axion monodromy inflation (Silverstein et al)

String theory contains many axions (p-form gauge potentials integrated over p-cycles).

Consider for At the classical level they don’t have any potential

→ you acquire a potential by wrapping D-branes on the cycles: again you exploit DBI action

SDBI =

At large values of b (the axion) you get linear potential.

Problems?

- The mechanism works for NS5 branes: delicate issues of backreaction...

- What about reheating? how does the inflaton couple to matter without spoiling shift symmetry?
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( 1
V3 is the scale of the potential during inflation). However, τn is not canonically

normalised, as to leading order in volume

Knn̄ =
3λ

8
√

τnV
. (21)

The canonically normalised field is

τ c
n =

√

4λ

3V
τ

3

4
n . (22)

In terms of τ c
n, the inflationary potential is

V = V0 −
4W0anAn

V2

(

3V
4λ

)2/3

(τ c
n)4/3 exp

[

−an

(

3V
4λ

)2/3

(τ c
n)4/3

]

. (23)

This is similar, but not identical, to the textbook potential V = V0(1 − e−τ ).
Although τ c

n is canonically normalised, it has no natural geometric interpretation
and for clarity we shall express the inflationary parameters in terms of τn, the
cycle volume.

The slow-roll parameters are defined by

ε =
M2

P

2

(

V ′

V

)2

, (24)

η = M2
P

V ′′

V
, (25)

ξ = M4
P

V ′V
′′′

V 2
, (26)

with the derivatives being with respect to τ c
n. These can be evaluated to give

ε =
32V3

3β2W 2
0

a2
nA

2
n

√
τn(1 − anτn)2e−2anτn ,

η = − 4anAnV2

3λ
√

τnβW0

[

(1 − 9anτn + 4(anτn)2)e−anτn
]

, (27)

ξ =
−32(anAn)2V4

9β2λ2W 2
0 τn

(1 − anτn)(1 + 11anτn − 30(anτn)2 + 8(anτn)2)e−2anτn .

Then ξ << ε, η << 1 provided that e−anτn << 1
V2 .

Within the slow-roll approximation, the spectral index and its running are
given by

n − 1 = 2η − 6ε + O(ξ), (28)
dn

d ln k
= 16εη − 24ε2 − 2ξ. (29)

8

volume modulus will be stable during inflation. As we obviously require ρ < 1,
it follows that at least three Kähler moduli are necessary. While (18) can always
be satisfied by an appropriate choice of ai, this becomes easier and easier with
more Kähler moduli.

We illustrate the form of the resulting inflationary potential in figure 1, show-
ing the inflaton and volume directions.

Figure 1: Inflationary potential: the inflaton lies along the x-direction and the
volume along the y-direction.

3 Inflationary Potential and Parameters

Let us now quantify the resulting potential and compute the inflationary param-
eters. The inflationary potential is read off from (13) to be

Vinf = V0 −
4τnW0anAne

−anτn

V2
, (19)

as the double exponential in (13) is irrelevant during inflation. During inflation
V0 is constant and can be parametrised as

V0 =
βW 2

0

V3
. (20)
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Low energy limit of string theory is supergravity. F-term potential for N = 1 sugra is
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Pl
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Kij̄ DiWDj̄W̄ − 3 |W |2

M2
P l

�

Consider case in which

�

ij̄

Kij̄ KiKj̄ = 3 (no-scale condition)

W = W0

Then VF = 0 ⇒ scalar potential is flat.

Idea:

Break the no-scale symmetry in a controllable way: Large Volume scenario (Conlon, Quevedo, + others)

- Contributions to the potential are expressed as a perturbative expansion in inverse powers of a very
large quantity V: the volume of the extra-dimensional space

- A model of inflation can be built. Inflaton is Kähler modulus in IIB: the last light modulus rolling
towards its minimum Dangerous corrections to inflationary potential are tamed by 1/V coeffs

- You can easily embed modulation mechanisms

Inflaton: Kähler (closed) modulus in IIB string theory

10



Curvaton in LV scenarios

In this scenario modulation mechanisms can be implemented

– There are other light moduli associated with features of the geometry: they do not directly

couple to the inflaton field

– It is possible to explicitly compute couplings between these moduli and SM-like fields, living
on wrapped D7 branes

– With Burgess, Cicoli, Gomez-Reino, Quevedo, Zavala we realized curvaton mechanism

– In compute non-Gaussianity, we find non-G of local shape with

f loc
NL = 2 (Planck value f loc

NL = 2.7± 5.8)
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With this information, the leading contribution to the inflationary potential breaks into

a sum of terms for the would-be inflaton and curvaton

V (φ4, χ̂1) = Vinf (φ4) + Vcur(χ̂1) (2.37)

where

Vinf (φ4) ! V0 −
gsW0a4A4

2π V2

(
3V
4αγ4

)2/3

φ4/3
4 exp

{

−

[

a4

(
3V
4αγ4

)2/3

φ4/3
4

]}

, (2.38)

and

Vcur(χ̂1) =
gsW 2

0

8π V10/3

[

C0 e
2√
3
χ̂1 − C1 e

− 1√
3
χ̂1 + C2 e

− 4√
3
χ̂1
]

, (2.39)

with (see [32])

C0 = C q2/3 (2.40)

C1 = B q−1/3 (2.41)

C2 = Aq−4/3 . (2.42)

We call χ1 the curvaton and φ4 the inflaton because the potential for χ1 is parametrically

suppressed by powers of 1/V relative to that for φ4, thereby ensuring that it is φ4 whose

energy dominates the cosmic expansion.

Since χ̂1 has been defined such that χ̂1 = 0 at the minimum of the potential, it follows

that the dependence of the constants on 〈χ1〉 ensures, within the limit (2.35), that they satisfy

(
∂Vcur

∂χ̂1

)

∣
∣ χ̂1=0

= 0 ⇒ C0 +
C1

2
− 2C2 = 0 . (2.43)

In the following we work in regimes with χ̂1 very small, for which the exponentials in eq.

(2.39) can be expanded up to quadratic order,

Vcur(χ̂1) ! Vcur,0 +
m2

χ1

2
χ̂2
1 with m2

χ1
=

gsW 2
0

24π V10/3
[4C0 − C1 + 16C2] ≡

gsCtW 2
0

8π V10/3

(2.44)

which defines the new constant

Ct ≡
1

3
[4C0 − C1 + 16C2] . (2.45)

The constant piece, Vcur,0, is absorbable into a subdominant contribution to the constant V0

in formula (2.38). We check in our later applications that this quadratic expansion of the

potential suffices in the regime of interest.
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volume is given by τ (which can be any of our moduli): the couplings with the moduli can be

worked out from the moduli dependence of the tree-level gauge kinetic function 4π/g2 = τ

(see [27]). In full generality, the kinetic terms read:

Lgauge = −
τ

Mp
FµνF

µν , (4.1)

and we must expand τ around its minimum τ → 〈τ〉+ τ̂ , and go to the canonically normalized

field strength Gµν defined by

Gµν = 2
√

〈τ〉Fµν . (4.2)

Doing so, we obtain:

Lgauge = −
1

4
GµνG

µν −
τ̂

4Mp〈τ〉
GµνG

µν . (4.3)

4.1 First scenario

As explained in section 2.1 we imagine the observable sector to be localized on a stack of D7-

branes wrapped on the τ1 and τ2 cycle, and analyze the decay of the inflaton and curvaton

fields into visible gauge bosons. This set-up has the following advantages:

1. It represents the simplest example of multi-field curvaton scenario with the smallest

number of Kähler moduli which is 4;

2. The geometric localization of the visible sector on τ1 maximizes the strength of the

coupling of the curvaton to visible gauge bosons. As we shall see in section 5, this will

yield the largest amount of nongaussianities.

However there are also some shortcomings:

1. The K3 fiber is not a rigid cycle and so one has to worry about how to fix the D7-brane

deformation moduli that would give rise to unwanted matter in the adjoint represen-

tation. Here we shall assume that these moduli can be fixed by the use of background

fluxes.

2. There is a constraint on the volume of τ1 coming from constraints on the size that is

expected for the observed gauge coupling. Denoting the gauge coupling as g, using eq.

(2.31), we have

4π

g2
= τ1 %

(
4AV
B

)2/3

. (4.4)

Focusing for definiteness on a GUT theory,10 4π/g2 % 25, we find constraints on the

parameters that characterize the string loop contributions. Indeed, the previous relation

implies
4A

B
=

125

V
(4.5)

10Assuming that the gauge bosons on τ2 decouple from the EFT getting an O(Ms) mass.
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With this information, the leading contribution to the inflationary potential breaks into

a sum of terms for the would-be inflaton and curvaton

V (φ4, χ̂1) = Vinf (φ4) + Vcur(χ̂1) (2.37)

where

Vinf (φ4) ! V0 −
gsW0a4A4

2π V2

(
3V
4αγ4

)2/3

φ4/3
4 exp

{

−

[

a4

(
3V
4αγ4

)2/3

φ4/3
4

]}

, (2.38)

and

Vcur(χ̂1) =
gsW 2

0

8π V10/3

[

C0 e
2√
3
χ̂1 − C1 e

− 1√
3
χ̂1 + C2 e

− 4√
3
χ̂1
]

, (2.39)

with (see [32])

C0 = C q2/3 (2.40)

C1 = B q−1/3 (2.41)

C2 = Aq−4/3 . (2.42)

We call χ1 the curvaton and φ4 the inflaton because the potential for χ1 is parametrically

suppressed by powers of 1/V relative to that for φ4, thereby ensuring that it is φ4 whose

energy dominates the cosmic expansion.

Since χ̂1 has been defined such that χ̂1 = 0 at the minimum of the potential, it follows

that the dependence of the constants on 〈χ1〉 ensures, within the limit (2.35), that they satisfy

(
∂Vcur

∂χ̂1

)

∣
∣ χ̂1=0

= 0 ⇒ C0 +
C1

2
− 2C2 = 0 . (2.43)

In the following we work in regimes with χ̂1 very small, for which the exponentials in eq.

(2.39) can be expanded up to quadratic order,

Vcur(χ̂1) ! Vcur,0 +
m2

χ1

2
χ̂2
1 with m2

χ1
=

gsW 2
0

24π V10/3
[4C0 − C1 + 16C2] ≡

gsCtW 2
0

8π V10/3

(2.44)

which defines the new constant

Ct ≡
1

3
[4C0 − C1 + 16C2] . (2.45)

The constant piece, Vcur,0, is absorbable into a subdominant contribution to the constant V0

in formula (2.38). We check in our later applications that this quadratic expansion of the

potential suffices in the regime of interest.
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