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Abstract

Recent results from thePlanck satellite combined with earlier observations from WMAP, ACT, SPT and other experiments eliminate
a wide spectrum of more complex inflationary models and favor models with a single scalar field, as reported by the Planck
Collaboration. More important, though, is that all the simplest inflaton models are disfavored statistically relative to those with
plateau-like potentials. We discuss how a restriction to plateau-like models has three independent serious drawbacks: it exacerbates
both the initial conditions problem and the multiverse-unpredictability problem and it creates a new difficulty that we call the
inflationary “unlikeliness problem.” Finally, we comment on problems reconciling inflation with a standard model Higgs, as
suggested by recent LHC results. In sum, we find that recent experimental data disfavors all the best-motivated inflationary scenarios
and introduces new, serious difficulties that cut to the core of the inflationary paradigm. Forthcoming searches for B-modes, non-
Gaussianity and new particles should be decisive.

The Planck satellite data reported in 2013 [1] shows with
high precision that we live in a remarkably simple universe.
The measured spatial curvature is small; the spectrum of fluc-
tuations is nearly scale-invariant; there is a small spectral tilt,
consistent with there having been a simple dynamical mecha-
nism that caused the smoothing and flattening; and the fluctu-
ations are nearly Gaussian, eliminating exotic and complicated
dynamical possibilities, such as inflationary models with non-
canonical kinetic energy and multiple fields. (In this Letter, we
will not discuss the marginal deviations from isotropy on large
scales reported by the Planck Collaboration [2].) The results
not only impose tight quantitative constraints on all cosmolog-
ical parameters [3], but, qualitatively, they call for a cosmo-
logical paradigm whose simplicity and parsimony matches the
nature of the observed universe.

ThePlanck Collaboration attempted to make this point by de-
scribing the data as supporting the simplest inflationary models
[4, 5, 6]. However, the models most favored by their data (com-
bined with earlier results from WMAP, ACT, SPT and other
observations [7]) are simple by only one criterion: an inflaton
potential with a single scalar field suffices to fit the data. By sev-
eral other important criteria described in this Letter, the favored
models are anything but simple: Namely, they suffer from ex-
acerbated forms of initial conditions and multiverse problems,
and they create a new difficulty that we call the inflationary “un-
likeliness problem.” That is, the favored inflaton potentials are
exponentially unlikely according to the logic of the inflation-
ary paradigm itself. The unlikeliness problem arises even if we
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assume ideal initial conditions for beginning inflation, ignore
the lack of predictive power stemming from eternal inflation
and the multiverse, and make no comparison with alternatives.
Thus, the three problems are all independent, all emerge as a
result of the data, and all point to the inflationary paradigm
encountering troubles that it did not have before. We further
speculate about how recent results from the Large Hadron Col-
lider (LHC) suggesting a standard model Higgs could create yet
another problem for inflation.

Our analysis is based on considering the “favored” models
according to the current observations. (Here and throughout the
Letter we use the ranking terminology of the Planck Collabo-
ration). Although the simplest inflationary models are “disfa-
vored” relative to these by 1.5 σ or more, it is too early in some
cases to declare them “ruled out.” We discuss in the conclusions
how forthcoming searches for B-modes, non-Gaussianity and
new particles could amplify, confirm, or resolve the problems
for inflation.

1. Which inflationary models survive after Planck2013?

Planck2013 has added impressively to previous results in
three ways. First, it has shown that the non-Gaussianity is
small. This eliminates a wide spectrum of more complex in-
flationary models and favors models with a single scalar field.
This restriction to single-field models is what justifies focus-
ing on the plot of r (the ratio of tensor to scalar fluctuations)
versus ns (the scalar spectral index), since it is optimally de-
signed to discriminate among the single-field possibilities. In
terms of the r-ns plot, a second contribution of Planck2013 [1]
has been to independently confirm the results obtained previ-
ously by combining WMAP with other observations. The data
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Models of cosmic inflation posit an early phase of accelerated expansion of the universe, driven by
the dynamics of one or more scalar fields in curved spacetime. Though detailed assumptions about
fields and couplings vary across models, inflation makes specific, quantitative predictions for several
observable quantities, such as the flatness parameter (Ωk = 1−Ω) and the spectral tilt of primordial
curvature perturbations (ns − 1 = d lnPR/d ln k), among others—predictions that match the latest
observations from the Planck satellite to very good precision. In the light of data from Planck as well
as recent theoretical developments in the study of eternal inflation and the multiverse, we address
recent criticisms of inflation by Ijjas, Steinhardt, and Loeb. We argue that their conclusions rest
on several problematic assumptions, and we conclude that cosmic inflation is on a stronger footing
than ever before.

I. INTRODUCTION

Did our universe undergo a period of accelerated ex-
pansion in the early stage of its evolution? If so, does it
play an important role in explaining observable features
of our universe today?
We define the “inflationary paradigm” to mean that

the answer to both of these questions is “yes” [1, 2].
As we argue here, the inflationary paradigm draws upon
well-motivated physical interactions and types of mat-
ter. The inflationary explanations for the homogeneity
and the flatness of the universe can be understood in the
context of classical general relativity, and even the ori-
gin of density fluctuations can be accurately described
in the context of quantum field theory on a classical,
curved spacetime [3], a theoretical framework that has
been thoroughly studied for decades [4]. Moreover, rea-
soning about the behavior of fundamental scalar fields is
on a stronger footing than ever, in the light of the recent
observation of the Higgs boson at the LHC [5, 6].
As is well known, inflation makes several generic pre-

dictions [7, 8]. The observable universe today should be
flat, i.e., |Ωk| ≪ 1, where Ωk ≡ 1 − Ω. There should
exist primordial curvature perturbations whose power
spectrum PR(k) ∼ kns−1 has a slightly tilted spectral
index, |ns − 1| ≪ 1, typically red-shifted. Unless the in-
flaton potential or the initial conditions are fine-tuned,
the primordial perturbations should be predominantly
Gaussian [9]. Modes of a given (comoving) wavelength
should “freeze out” upon first crossing the Hubble radius
during inflation, remain (nearly) constant in amplitude
while longer than the Hubble radius, and then resume
oscillation upon reentering the Hubble radius. The tem-
poral oscillations of modes with nearby wavelengths are
therefore coherent [10], giving rise to a sharp pattern of
peaks and troughs in the cosmic microwave background
(CMB) power spectrum. These generic predictions are
consequences of simple inflationary models, and depend

only on the physics at the inflationary energy scale, i.e.,
the energy scale of the final stage of inflation, as observed
in the CMB. We will refer to these as inflation-scale pre-
dictions. To date, every single one of these inflation-scale
predictions has been confirmed to good precision, most
recently with the Planck satellite [11].

Despite these successes, Ijjas, Steinhardt, and Loeb
(ISL) [12] have recently argued that the inflationary
paradigm is in trouble in the light of data from Planck.
They agree that a class of inflationary models make pre-
dictions that agree with experiment, which is how theo-
ries are usually evaluated, but they bring up a different
issue. They argue that if one starts at the Planck scale
with reasonable assumptions about initial conditions, the
successful inflationary models are “exponentially unlikely
according to the inner logic of the inflationary paradigm
itself.” In this paper we argue that this is not the case
by addressing each of their specific points. We will ar-
gue that their negative conclusions rely on unfounded
assumptions, and can be completely avoided under what
we consider to be more reasonable assumptions about
the physics between the inflationary scale and the Planck
scale.

We also believe, as a matter of principle, that it is
totally inappropriate to judge inflation on how well it
fits with anybody’s speculative ideas about Planck-scale
physics—physics that is well beyond what is observation-
ally tested. All theories of evolution begin with assump-
tions that are taken to be plausible, but which are usu-
ally not directly verifiable, and then the theories make
predictions which can be tested against current observa-
tions. We do not reject Darwinian evolution because it
does not explain the actual origin of life; we do not reject
big-bang nucleosynthesis because it does not explain the
homogeneous thermal equilibrium initial state that it re-
quires; and we should similarly not even consider reject-
ing the inflationary paradigm because it is not yet part
of a complete solution to the ultimate mystery of the ori-

“…on a stronger footing than ever.”
“…serious difficulties that cut to the core…”
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Inflation is considered as the best theory of the early universe by a very large fraction of cos-
mologists. However, the validity of a scientific model is not decided by counting the number of its
supporters and, therefore, this dominance cannot be taken as a proof of its correctness. Throughout
its history, many criticisms have been put forward against inflation. The final publication of the
Planck Cosmic Microwave Background data represents a benchmark time to study their relevance
and to decide whether inflation really deserves its supremacy. In this paper, we categorize the crit-
icisms against inflation, go through all of them in the light of what is now observationally known
about the early universe, and try to infer and assess the scientific status of inflation. Although we
find that important questions still remain open, we conclude that the inflationary paradigm is not
in trouble but, on the contrary, has rather been strengthened by the Planck data.
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I. INTRODUCTION

Inflation refers to a period of accelerated expansion of
the universe [1–12]. It is a paradigm aimed at overcoming
the various difficulties associated with the conventional
hot big bang model of Friedmann and Lemâıtre, such as
the horizon problem and the flatness problem. Further-
more, the inflationary scenario also provides a natural
mechanism for generating primordial perturbations that
subsequently act as seeds for the formation of large-scale
structures. According to inflation, they are the unavoid-
able quantum fluctuations of the inflaton and gravita-
tional fields, amplified by gravitational instability and
stretched by the cosmic expansion.
Although no sociological data are available, it seems

fair to say that inflation is viewed as the best paradigm
for the early universe by a vast majority of scientists
working in the field of cosmology. However, the valid-
ity of a scientific theory shall not be decided by a demo-
cratic vote but by a careful study of its content and pre-
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dictions. Throughout its history, inflation has received
various criticisms on its different aspects. This is cer-
tainly sound since a healthy scientific process for vali-
dating a theory implies a skeptical and critical approach.
Recently, the final Planck Cosmic Microwave Background
(CMB) data have been released, and it therefore seems
especially timely to take stock of these criticisms and to
assess the status of inflation in light of these new CMB
measurements. This is the main goal of this article.

The paper is organized as follows. We have identi-
fied nine different broad classes of criticisms that we
discuss one by one. A first type concerns the initial
conditions needed to start inflation in a homogeneous
and isotropic situation. In particular, Ref. [13] has ar-
gued that the Planck data precisely single out models for
which this issue is most problematic. This question is
treated in Sec. II. A second type of criticisms, addressed
in Sec. III, concerns the ability of inflation to make the
universe isotropic and homogeneous, the question being
whether or not inflation requires some extent of homo-
geneity to begin with. In Sec. IV, we briefly mention
the trans-Planckian problem of inflation, which is also
an initial condition problem but, this time, for the per-
turbations. In Sec. V, we discuss how the inflationary
mechanism for structure formation is impacted by foun-
dational issues of Quantum Mechanics. In Sec. VI, we
consider another type of criticisms related to the like-
liness of inflation. It is sometimes argued that, if the

“…strengthened by Planck data.”
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Abstract

Recent results from thePlanck satellite combined with earlier observations from WMAP, ACT, SPT and other experiments eliminate
a wide spectrum of more complex inflationary models and favor models with a single scalar field, as reported by the Planck
Collaboration. More important, though, is that all the simplest inflaton models are disfavored statistically relative to those with
plateau-like potentials. We discuss how a restriction to plateau-like models has three independent serious drawbacks: it exacerbates
both the initial conditions problem and the multiverse-unpredictability problem and it creates a new difficulty that we call the
inflationary “unlikeliness problem.” Finally, we comment on problems reconciling inflation with a standard model Higgs, as
suggested by recent LHC results. In sum, we find that recent experimental data disfavors all the best-motivated inflationary scenarios
and introduces new, serious difficulties that cut to the core of the inflationary paradigm. Forthcoming searches for B-modes, non-
Gaussianity and new particles should be decisive.

The Planck satellite data reported in 2013 [1] shows with
high precision that we live in a remarkably simple universe.
The measured spatial curvature is small; the spectrum of fluc-
tuations is nearly scale-invariant; there is a small spectral tilt,
consistent with there having been a simple dynamical mecha-
nism that caused the smoothing and flattening; and the fluctu-
ations are nearly Gaussian, eliminating exotic and complicated
dynamical possibilities, such as inflationary models with non-
canonical kinetic energy and multiple fields. (In this Letter, we
will not discuss the marginal deviations from isotropy on large
scales reported by the Planck Collaboration [2].) The results
not only impose tight quantitative constraints on all cosmolog-
ical parameters [3], but, qualitatively, they call for a cosmo-
logical paradigm whose simplicity and parsimony matches the
nature of the observed universe.

ThePlanck Collaboration attempted to make this point by de-
scribing the data as supporting the simplest inflationary models
[4, 5, 6]. However, the models most favored by their data (com-
bined with earlier results from WMAP, ACT, SPT and other
observations [7]) are simple by only one criterion: an inflaton
potential with a single scalar field suffices to fit the data. By sev-
eral other important criteria described in this Letter, the favored
models are anything but simple: Namely, they suffer from ex-
acerbated forms of initial conditions and multiverse problems,
and they create a new difficulty that we call the inflationary “un-
likeliness problem.” That is, the favored inflaton potentials are
exponentially unlikely according to the logic of the inflation-
ary paradigm itself. The unlikeliness problem arises even if we
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assume ideal initial conditions for beginning inflation, ignore
the lack of predictive power stemming from eternal inflation
and the multiverse, and make no comparison with alternatives.
Thus, the three problems are all independent, all emerge as a
result of the data, and all point to the inflationary paradigm
encountering troubles that it did not have before. We further
speculate about how recent results from the Large Hadron Col-
lider (LHC) suggesting a standard model Higgs could create yet
another problem for inflation.

Our analysis is based on considering the “favored” models
according to the current observations. (Here and throughout the
Letter we use the ranking terminology of the Planck Collabo-
ration). Although the simplest inflationary models are “disfa-
vored” relative to these by 1.5 σ or more, it is too early in some
cases to declare them “ruled out.” We discuss in the conclusions
how forthcoming searches for B-modes, non-Gaussianity and
new particles could amplify, confirm, or resolve the problems
for inflation.

1. Which inflationary models survive after Planck2013?

Planck2013 has added impressively to previous results in
three ways. First, it has shown that the non-Gaussianity is
small. This eliminates a wide spectrum of more complex in-
flationary models and favors models with a single scalar field.
This restriction to single-field models is what justifies focus-
ing on the plot of r (the ratio of tensor to scalar fluctuations)
versus ns (the scalar spectral index), since it is optimally de-
signed to discriminate among the single-field possibilities. In
terms of the r-ns plot, a second contribution of Planck2013 [1]
has been to independently confirm the results obtained previ-
ously by combining WMAP with other observations. The data
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Models of cosmic inflation posit an early phase of accelerated expansion of the universe, driven by
the dynamics of one or more scalar fields in curved spacetime. Though detailed assumptions about
fields and couplings vary across models, inflation makes specific, quantitative predictions for several
observable quantities, such as the flatness parameter (Ωk = 1−Ω) and the spectral tilt of primordial
curvature perturbations (ns − 1 = d lnPR/d ln k), among others—predictions that match the latest
observations from the Planck satellite to very good precision. In the light of data from Planck as well
as recent theoretical developments in the study of eternal inflation and the multiverse, we address
recent criticisms of inflation by Ijjas, Steinhardt, and Loeb. We argue that their conclusions rest
on several problematic assumptions, and we conclude that cosmic inflation is on a stronger footing
than ever before.

I. INTRODUCTION

Did our universe undergo a period of accelerated ex-
pansion in the early stage of its evolution? If so, does it
play an important role in explaining observable features
of our universe today?
We define the “inflationary paradigm” to mean that

the answer to both of these questions is “yes” [1, 2].
As we argue here, the inflationary paradigm draws upon
well-motivated physical interactions and types of mat-
ter. The inflationary explanations for the homogeneity
and the flatness of the universe can be understood in the
context of classical general relativity, and even the ori-
gin of density fluctuations can be accurately described
in the context of quantum field theory on a classical,
curved spacetime [3], a theoretical framework that has
been thoroughly studied for decades [4]. Moreover, rea-
soning about the behavior of fundamental scalar fields is
on a stronger footing than ever, in the light of the recent
observation of the Higgs boson at the LHC [5, 6].
As is well known, inflation makes several generic pre-

dictions [7, 8]. The observable universe today should be
flat, i.e., |Ωk| ≪ 1, where Ωk ≡ 1 − Ω. There should
exist primordial curvature perturbations whose power
spectrum PR(k) ∼ kns−1 has a slightly tilted spectral
index, |ns − 1| ≪ 1, typically red-shifted. Unless the in-
flaton potential or the initial conditions are fine-tuned,
the primordial perturbations should be predominantly
Gaussian [9]. Modes of a given (comoving) wavelength
should “freeze out” upon first crossing the Hubble radius
during inflation, remain (nearly) constant in amplitude
while longer than the Hubble radius, and then resume
oscillation upon reentering the Hubble radius. The tem-
poral oscillations of modes with nearby wavelengths are
therefore coherent [10], giving rise to a sharp pattern of
peaks and troughs in the cosmic microwave background
(CMB) power spectrum. These generic predictions are
consequences of simple inflationary models, and depend

only on the physics at the inflationary energy scale, i.e.,
the energy scale of the final stage of inflation, as observed
in the CMB. We will refer to these as inflation-scale pre-
dictions. To date, every single one of these inflation-scale
predictions has been confirmed to good precision, most
recently with the Planck satellite [11].

Despite these successes, Ijjas, Steinhardt, and Loeb
(ISL) [12] have recently argued that the inflationary
paradigm is in trouble in the light of data from Planck.
They agree that a class of inflationary models make pre-
dictions that agree with experiment, which is how theo-
ries are usually evaluated, but they bring up a different
issue. They argue that if one starts at the Planck scale
with reasonable assumptions about initial conditions, the
successful inflationary models are “exponentially unlikely
according to the inner logic of the inflationary paradigm
itself.” In this paper we argue that this is not the case
by addressing each of their specific points. We will ar-
gue that their negative conclusions rely on unfounded
assumptions, and can be completely avoided under what
we consider to be more reasonable assumptions about
the physics between the inflationary scale and the Planck
scale.

We also believe, as a matter of principle, that it is
totally inappropriate to judge inflation on how well it
fits with anybody’s speculative ideas about Planck-scale
physics—physics that is well beyond what is observation-
ally tested. All theories of evolution begin with assump-
tions that are taken to be plausible, but which are usu-
ally not directly verifiable, and then the theories make
predictions which can be tested against current observa-
tions. We do not reject Darwinian evolution because it
does not explain the actual origin of life; we do not reject
big-bang nucleosynthesis because it does not explain the
homogeneous thermal equilibrium initial state that it re-
quires; and we should similarly not even consider reject-
ing the inflationary paradigm because it is not yet part
of a complete solution to the ultimate mystery of the ori-

“…on a stronger footing than ever.”
“…serious difficulties that cut to the core…”
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mologists. However, the validity of a scientific model is not decided by counting the number of its
supporters and, therefore, this dominance cannot be taken as a proof of its correctness. Throughout
its history, many criticisms have been put forward against inflation. The final publication of the
Planck Cosmic Microwave Background data represents a benchmark time to study their relevance
and to decide whether inflation really deserves its supremacy. In this paper, we categorize the crit-
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find that important questions still remain open, we conclude that the inflationary paradigm is not
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I. INTRODUCTION

Inflation refers to a period of accelerated expansion of
the universe [1–12]. It is a paradigm aimed at overcoming
the various difficulties associated with the conventional
hot big bang model of Friedmann and Lemâıtre, such as
the horizon problem and the flatness problem. Further-
more, the inflationary scenario also provides a natural
mechanism for generating primordial perturbations that
subsequently act as seeds for the formation of large-scale
structures. According to inflation, they are the unavoid-
able quantum fluctuations of the inflaton and gravita-
tional fields, amplified by gravitational instability and
stretched by the cosmic expansion.
Although no sociological data are available, it seems

fair to say that inflation is viewed as the best paradigm
for the early universe by a vast majority of scientists
working in the field of cosmology. However, the valid-
ity of a scientific theory shall not be decided by a demo-
cratic vote but by a careful study of its content and pre-
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dictions. Throughout its history, inflation has received
various criticisms on its different aspects. This is cer-
tainly sound since a healthy scientific process for vali-
dating a theory implies a skeptical and critical approach.
Recently, the final Planck Cosmic Microwave Background
(CMB) data have been released, and it therefore seems
especially timely to take stock of these criticisms and to
assess the status of inflation in light of these new CMB
measurements. This is the main goal of this article.

The paper is organized as follows. We have identi-
fied nine different broad classes of criticisms that we
discuss one by one. A first type concerns the initial
conditions needed to start inflation in a homogeneous
and isotropic situation. In particular, Ref. [13] has ar-
gued that the Planck data precisely single out models for
which this issue is most problematic. This question is
treated in Sec. II. A second type of criticisms, addressed
in Sec. III, concerns the ability of inflation to make the
universe isotropic and homogeneous, the question being
whether or not inflation requires some extent of homo-
geneity to begin with. In Sec. IV, we briefly mention
the trans-Planckian problem of inflation, which is also
an initial condition problem but, this time, for the per-
turbations. In Sec. V, we discuss how the inflationary
mechanism for structure formation is impacted by foun-
dational issues of Quantum Mechanics. In Sec. VI, we
consider another type of criticisms related to the like-
liness of inflation. It is sometimes argued that, if the
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oldest light, raise concerns about the inflationary theory of the cosmos—the idea that
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A story in 2 parts
Part I 

Conceptual Issues with Inflation

Part II 
Exploring the Theory Space of Successful 

Inflation
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Our Universe is Special
Usually framed as “Problems”

Flatness Problem
|⌦K | < 0.01
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Our Universe is Special

Expectation values need an ensemble to draw from.

Why are they “Problems”? 

A question of expectation.

We observed (realization) 
We expect |h⌦Ki|

?
� 0

|⌦K | < 0.01

Actually, what do we really expect??
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(only one Universe). 

No prior information -> all possible initial states are in play.



Our Universe is Special
We can’t construct such an ensemble from observations 

(only one Universe). 

No prior information -> all possible initial states are in play.

Probability Distribution of Ensemble

⌦K
1�1

Probability

Unbounded?

Bounded?
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Initial Conditions Observations
⌦K < 0.01

Cosmological Expansion 
Friedman-Robertson-Walker

Homogenous



Initial Conditions or 
Dynamics?

TodayThe Big Bang (?) Dynamics

Initial Conditions Observations
⌦K < 0.01

Cosmological Expansion 
Friedman-Robertson-Walker

Can we explain Today by

Homogenous

 Initial Conditions?
 Dynamics?

 Both?



Why is the Universe 
Special?

Option 1 : We got (un)lucky — “Fine-tuned”.
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like the big crunch of the more realistic model of FIGURE 8. The model of FIGURE 9 
would have no second law of thermodynamics because its entropy starts off with the 
same enormously high entropy value that it ends up with. Thus, our question implicitly 
contains a second question: Why is there a second law of thermodynamics at  all? 

THE WEYL CURVATURE HYPOTHESIS 

Let us phrase our question in terms of phase-space volumes. The puzzle that needs 
to be explained is as follows: Why was the initial state of the universe-the big 
bang4onstrained to such a very tiny fraction of the whole volume of phase-space, 
namely, 

one part in 1 0 ~ ~ ' ~ ' ,  

FIGURE 10. The Creator locating the tiny region of phase-space-one part in 10'0'z3-needed to 
produce a 108'-baryon closed universe with a second law of thermodynamics in the form we know 
it. 

in the case of our particular universe model? (Recall the logarithmic relation between 
entropy and phase-space volume.) This question is made graphic in FIGURE 10, where 
we imagine the Creator, armed with a pin, aiming for this absurdly tiny region of 
phase-space that is necessary in order to provide us with a universe of the uniformity 
needed for a second law of thermodynamics in the form that is familiar to us. 

Several points should be made here. In the first place, our assumption of a closed 
universe (with, say, loEo baryons) is not essential to the argument, though it enables us 
to consider that the phase-space available to the Creator might have finite volume. For 
an infinite universe volume, the phase-space would have to have infinite volume. The 

Penrose 1989

Option 1 : We got (un)lucky
The “Phase Space of All Possible Initial Conditions”
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The “Phase Space of All Possible Initial Conditions”

Obvio
usly

 Crazy!
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Why is the Universe 
Special?

Option 1 : We got (un)lucky — “Fine-tuned”.

Option 2 : There is some unknown “Theory of Initial 
Conditions” that defines the ensemble and/or choose the 

initial state (Penrose, Wald, et al.)

Option 3 : Some dynamical process makes the initial 
conditions irrelevant (Inflation).
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success

Connecting gravity with quantum field theory, and makes 
confirmed predictions.

Straightforward framework, easy to modify, rich in pheno 
-> 10000++ papers since 1980.



Option 3 : Inflation is a great 
success

Connecting gravity with quantum field theory, and makes 
confirmed predictions.

Straightforward framework, easy to modify, rich in pheno 
-> 10000++ papers since 1980.

“So easy! I got a paper out in 3 weeks. Would write again. A++++++”
a satisfied grad student
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Option 3 : Some dynamical process makes the initial 

conditions irrelevant (Inflation).
?

There exist sick initial conditions which no model of 
inflation will inflate.



But does it work?
Option 3 : Some dynamical process makes the initial 

conditions irrelevant (Inflation).
?

A Conceptual Retreat:
Option 3 : Inflation will begin for “generic” initial conditions.

What is “generic”? We have to deal with the ensemble 
again.

There exist sick initial conditions which no model of 
inflation will inflate.
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The Measure of all possible 
initial states

How to measure the “big-ness/generic-ness” of this 
“successful inflation initial conditions space”.
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The Measure of all possible 
initial states

To get from all possible initial (micro)states -> an 
expectation of a macrostate, need a Measure.

h⌦Ki =
Z

F (pi, qi)⌦̂

all initial state  
space

Measure

Liouville Measure : ! =
nX

i

dpi ^ dqi⌦̂ =
(�1)n(n�1)/2

n!
!n

Conserved under time evolution:

initial conditions space = 


trajectories space

738 G, • Gibbons et al. / Natural measure on set of  all universes 

I .,. B 

Fig. 1. A bunch of orbits B cut transversely by hypersurfaces )2 and ~;'. 

Condition (i) means that/~(B) should be positive for all B. Condition (ii) means that 
if we choose a different hypersurface 2 ' ,  which intersects B in S' then we should 
also have 

/~(B) = f sy .  (2.2) 

Now suppose that the tangent vector to the orbits is V. We may regard S' as being 
obtained from S by sliding an arbitrary amount along the orbits. The consistency of 
(2.1), (2.2) then requires 

£fv p = 0, (2.3) 

where f is an arbitrary function. 
The existence and uniqueness of measures satisfying conditions (i), (ii) which are 

also "natural"  in the sense of condition (iii) is an open question in general. However 
the systems that we wish to consider are all finite-dimensional hamiltonian systems 
in which the hamiltonian is "time"-independent, and so its numerical value is a 
constant of the motion. Our subsequent discussion reties crucially on the codimen- 
sion rather than the dimension of the spaces involved, and it may be possible to 
generalise it to infinite-dimensional systems. The system is thus described by a point 
moving in a 2n-dimensional phase space F n. Their evolution is determined by 2n 
first-order evolution equations 

dq i O H ( p , q )  dpi 3 H ( p , q )  

dt Opi ' dt  3q ~ ' 
(2.4) 

where H(p ,  q) is the hamiltonian function. The integral curves of eq. (2.4) form the 



An example : GHS Measure
Ignore everything, and consider only scale factor      and 
inflaton      as canonical variables (“mini-superspace”).

⌦̂ = (dpa ^ da+ dp� ^ d�)Hamiltonian constraint=0

Gibbons, Hawking, Stewart(1987)

Q: what is the probability of       to result from inflation?⌦K

P (⌦K) =
⌦̂(⌦k)

⌦̂(all states)

a
�



⌦̂(all states) /
Z

1� ⌦V � 2
3⌦K

|⌦K |5/2(1� ⌦V � ⌦K)1/2
d⌦Kd�

An example : GHS Measure
Gibbons, Hawking, Stewart(1987)



⌦̂(all states) /
Z

1� ⌦V � 2
3⌦K

|⌦K |5/2(1� ⌦V � ⌦K)1/2
d⌦Kd�

⌦K ! 0as! 1

An example : GHS Measure
Gibbons, Hawking, Stewart(1987)



Carroll + Tam (2010) : flatness is not a problem since 
measure dominated by flat trajectories!

Gibbons + Turok (2008) : divergences are bad, regulate it!

⌦̂(all states) /
Z

1� ⌦V � 2
3⌦K

|⌦K |5/2(1� ⌦V � ⌦K)1/2
d⌦Kd�

⌦K ! 0as

Schiffrin + Wald (2012)  : It depends sensitively to 
regularization scheme.
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Gibbons, Hawking, Stewart(1987)



Carroll + Tam (2010) : flatness is not a problem since 
measure dominated by flat trajectories!

Gibbons + Turok (2008) : divergences are bad, regulate it!

⌦̂(all states) /
Z

1� ⌦V � 2
3⌦K

|⌦K |5/2(1� ⌦V � ⌦K)1/2
d⌦Kd�

⌦K ! 0as

Schiffrin + Wald (2012)  : It depends sensitively to 
regularization scheme.

! 1

An example : GHS Measure
Gibbons, Hawking, Stewart(1987)

Measure on initial conditions is a critical open problem!!



Is Inflation a Theory?

“Can construct any theory/model to replicate any 
observations.”

"Theory is not falsifiable.”
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“Inflation occurs, can we determine 

how likely the data is given a model?”
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Komatsu-Tesileanu Bayes 
Argument

P (Model|Data)

P (Data|Model)

“Can we pin down the exact model 

of inflation given data”

“Inflation occurs, can we determine 

how likely the data is given a model?”

P (Model|Data) =
P (Data|Model)P (Model)

P (Data)Z
d(Model)P (Model) = 1

Bayes’ Theorem

Normalizability (Measure!)

from E. Komatsu’s Facebook Post (liked 106 times).

P (Model) Prior distribution of models.

We Want

We have

Theory
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Komatsu-Tesileanu Bayes 
Argument

P (Model|Data) =
P (Data|Model)P (Model)

P (Data)
Bayes’ Theorem

Analyze data  
to get this

Assume this 
exists

Infer this

-> Model space is infinite, so 

So is                finite or zero?P (Model)

“What is the measure on the model space?”

P (Model) ! 0

Nobody knows how to compute P (Model)

“Can construct any theory to replicate any observations.”
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Initial Conditions Space vs 
Model Space

Model Space : different models/dynamics of inflation

Initial Conditions Space : initial values of the variables of 
the Theory Space

Model  
Space

I.C.  
Space

“Successful 
Inflation”

and

We need a joint measure on Initial conditions and Model 
space.
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non-inflated regions.”
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“Just need inflation to occur at a small patch, and the 
volume will exponentially increase and dominate all the 

non-inflated regions.”

Big Bang

Inflated

non-inflated

Gauge dependent : Need a Measure (again)!

“Just need a small patch to 
inflate”



Pop Quiz!
If you find a box like this on the street…

Which of these is more likely its original initial condition?

vs



Which of these is more likely its original initial condition?

vs

If you find a box like this on the street…
Pop Quiz!

Microphysical laws are time-reversal invariant!



“The past is low entropy by assumption.”
PENROSE INFLATIONARY COSMOLOGY 25 1 

A Entropy 

Predicted \ 

‘Retrodicted’--+\,,,,/(, =actual 

Actual / 

Time 
’ I  --- 

Now! 
FIGURE 2. The phase-space argument, applied in the reverse direction in time, gives results at 
variance with observation and with the second law. 

smaller regions again once it has reached a larger one. In this way, the entropy 
continues to increase until ultimately the phase-space point loses itself in the hugest 
volume of all, namely, that corresponding to thermal equilibrium (see FIGURE 1 ) .  

However, this kind of argument can provide only a partial explanation of the 
second law. In a rough sense, it tells us that given that the universe finds itself in a state 
of low entropy, then we naturally expect that, in the absence of any other constraints, 
the entropy of the universe should increase in the future. This argument, though, 
applies equally well in past directions in time: that is, given that the universe is in a low 
entropy state a t  any one time, then it should be natural to believe that the entropy of 
the universe should increase also in past directions in time, which is in blatant 
contradiction with the second law (FIGURE 2). Nowhere in our argument have we 
introduced any distinction between past and future, so it should be clear that this type 
of argument is not, in itself, capable of deriving the time-asymmetric second law. The 
essential puzzle that the second law presents us with is that the entropy of the universe 
gets tinier and tinier the further back into the past we choose to look. Somehow, there 
must have been an enormous constraint placed on the state of the universe a t  the 
beginning of time: a t  the big bang. 

GRAVITATIONAL ENTROPY 

What was the nature of this constraint? The first thing to bear in mind is that the 
degrees of freedom in the matter must be taken to have been completely thermalized in 
the early stages of the universe. (We need this, in the hot big bang model, in order to 
get accurate predictions for helium abundance, etc., predictions that indeed closely 
accord with observation.) Thus, there is nothing about the matter itself that was of 
“low entropy”. The lowness in the entropy lay entirely in the structure of the 
space-time geometry. 

There is a further point that should be emphasized: it was not the fact that the 

The Penrose Argument
Penrose 1989

Penrose 1989
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The Penrose Argument
Penrose : 


Our challenge is not to assume the initial conditions are 
random (and hence generically high entropy) then solve it 

by inflation,  but to explain why it is low entropy in the 
first place.

Penrose 1989

Option 2 : There is some unknown “Theory of Initial 
Conditions” that defines the ensemble and/or choose the 

initial state.



Part II 
 Exploring the space of 

Successful Inflation 
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Problems are Opportunities
My guess : something like inflation probably occurred, 

but it we still need to explain the initial conditions.

Model  
Space

I.C.  
Space

Actually, we should look here!

“Successful 
Inflation”

We should look for the existence of boundaries (and 
hence finiteness of measure).



Theory Testing Inflation
Step 1 : Pick an inflationary model (dynamics)

Step 2 : Choose initial conditions for this model

Do calculations (numerics/analytics), do we get >60 folds 
of inflation?



Theory Testing Inflation

Energy scale (high/low = “large field”/“small field”)
one field vs many fields

exact shape and couplings of the potential
  many others….

Step 1 : Pick an inflationary model (dynamics)

Step 2 : Choose initial conditions for this model

Do calculations (numerics/analytics), do we get >60 folds 
of inflation?



Theory Testing Inflation

Energy scale (high/low = “large field”/“small field”)
one field vs many fields

exact shape and couplings of the potential
  many others….

Homogenous/Inhomogenous?

Slow roll/fast roll?
Initially expanding/contracting?

many others…

Step 1 : Pick an inflationary model (dynamics)

Step 2 : Choose initial conditions for this model

Do calculations (numerics/analytics), do we get >60 folds 
of inflation?



Theory Testing Inflation

Lots of work on Homogenous initial conditions. 

Very little work on Inhomogenous initial conditions. 

(Assumed Friedman-Robertson-Walker.)

Hard! Need to solve full General Relavity equations : Numerical Relativity



GRCHOMBO

GW from Cosmic 
Strings!

GW from collisions

of Scalar Solitons!

www.grchombo.org Open source (BSD-3)

http://www.grchombo.org
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Model Space

reality, inflation ends at some finite time, and the approximation (60) although valid at early times,

breaks down near the end of inflation. So the surface ⌧ = 0 is not the Big Bang, but the end of

inflation. The initial singularity has been pushed back arbitrarily far in conformal time ⌧ ⌧ 0, and

light cones can extend through the apparent Big Bang so that apparently disconnected points are

in causal contact. In other words, because of inflation, ‘there was more (conformal) time before

recombination than we thought’. This is summarized in the conformal diagram in Figure 9.

6 The Physics of Inflation

Inflation is a very unfamiliar physical phenomenon: within a fraction a second the universe grew

exponential at an accelerating rate. In Einstein gravity this requires a negative pressure source or

equivalently a nearly constant energy density. In this section we describe the physical conditions

under which this can arise.

6.1 Scalar Field Dynamics

reheating

Figure 10: Example of an inflaton potential. Acceleration occurs when the potential energy of

the field, V (�), dominates over its kinetic energy, 1

2
�̇
2. Inflation ends at �end when the

kinetic energy has grown to become comparable to the potential energy, 1

2
�̇
2 ⇡ V . CMB

fluctuations are created by quantum fluctuations �� about 60 e-folds before the end of

inflation. At reheating, the energy density of the inflaton is converted into radiation.

The simplest models of inflation involve a single scalar field �, the inflaton. Here, we don’t

specify the physical nature of the field �, but simply use it as an order parameter (or clock) to

parameterize the time-evolution of the inflationary energy density. The dynamics of a scalar field

(minimally) coupled to gravity is governed by the action

S =

Z
d4

x
p

�g


1

2
R +

1

2
g
µ⌫

@µ� @⌫� � V (�)

�
= SEH + S� . (61)

The action (61) is the sum of the gravitational Einstein-Hilbert action, SEH, and the action of a

scalar field with canonical kinetic term, S�. The potential V (�) describes the self-interactions of the
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limits obtained from a ⇤CDM-plus-tensor fit. We refer the inter-
ested reader to PCI15 for a concise description of the inflationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

– The inflationary predictions (Mukhanov & Chibisov 1981;
Starobinsky 1983) originally computed for the R2 model
(Starobinsky 1980) to lowest order,

ns � 1 ' �
2
N
, r '

12
N2 , (48)

are in good agreement with Planck 2018 data, confirm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49 < N⇤ < 58 is compatible with the R2 ba-
sic predictions N⇤ = 54, corresponding to Treh ⇠ 109 GeV
(Bezrukov & Gorbunov 2012). A higher reheating temper-
ature Treh ⇠ 1013 GeV, as predicted in Higgs inflation
(Bezrukov & Shaposhnikov 2008), is also compatible with
the Planck data.

– Monomial potentials (Linde 1983) V(�) = �M4
Pl (�/MPl)p

with p � 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/3
(Silverstein & Westphal 2008; McAllister et al. 2010, 2014)
are more compatible with the data.

– There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(�) in single-field inflationary models. Important exam-
ples are a subluminal inflaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov 1999), a non-
minimal coupling to gravity (Spokoiny 1984; Lucchin et al.

1986; Salopek et al. 1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inflaton due to dissipation in
other degrees of freedom, as in warm inflation (Berera 1995;
Bastero-Gil et al. 2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(�)R with F(�) = M2

Pl + ⇠�
2. To be more specific, a quartic

potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inflaton as seen from
Table 5, can be reconciled with Planck and BK14 data for
⇠ > 0: we obtain a 95 % CL lower limit log10 ⇠ > �1.6 with
ln B = �1.6.

– Natural inflation (Freese et al. 1990; Adams et al. 1993) is
disfavoured by the Planck 2018 plus BK14 data with a Bayes
factor ln B = �4.2.

– Within the class of hilltop inflationary models
(Boubekeur & Lyth 2005) we find that a quartic poten-
tial provides a better fit than a quadratic one. In the quartic
case we find the 95 % CL lower limit log10(µ2/MPl) > 1.1.

– D-brane inflationary models (Kachru et al. 2003; Dvali et al.
2001; Garcı́a-Bellido et al. 2002) provide a good fit to
Planck and BK14 data for a large portion of their parame-
ter space.

– For the simple one parameter class of inflationary potentials
with exponential tails (Goncharov & Linde 1984; Stewart
1995; Dvali & Tye 1999; Burgess et al. 2002; Cicoli et al.
2009) we find ln B = �1.0.

– Planck 2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = �5.0.
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Convex vs Concave 
7

FIG. 6. Illustration of competition between gradient pressure
and potential gradient for a concave model.

value for �� where this happens can be approximated
quite accurately as follows. Consider the Klein-Gordon
equation,

�̈� �
ij
@i@j�+

dV

d�
= 0, (29)

where we have ignored the friction term, and let

�max(t) = max(0,�(x, t)). (30)

Initially, �max = �0 + 3�� and �
ij

⇠ O(1). For this
point, and assuming that we are still in the concave part
of the potential, the field value should fall initially to-
wards the minimum if

r
2
� <
⇠

dV

d�
. (31)

For the initial conditions specified, this is the case (as-
suming N = 1) for

12⇡2
k
2��

L2
<
⇠ �

dV

d�

����
�=�max

. (32)

Using the relation Eqn. (5), that �0 ⌧ 3�� and V (�0) ⇡
V0 for our small field case, we can find the solution as

32⇡3
k
2
V0��

M2
Pl

. 4V0(3��)3

µ4
, (33)

which simplifies to

�� &
r

8⇡3

27

kµ
2

MPl

. (34)

The critical value for our chosen values and k = 1 is�� ⇡

0.0017MPl, which corresponds to �
⇤
max

= 0.00525MPl,
well beyond the inflationary zone. Small field inflation
is thus more robust than we might have expected be-
cause excursions well beyond the end of the inflationary
plateau are pulled back onto it, leading to more homoge-
nous configurations. The dependence on k of this criti-
cal value could explain why we observed greater robust-
ness for the N = 2 case – there is a greater tendency to

FIG. 7. The evolution of initial �max and �min =
min(�(x, t0),+1) points versus time for small field inflation
(flat case). At the derived “critical value” of �� = 0.0017MPl

and �⇤
max = 0.00525MPl, shows a very small initial increase

at the maximum value (in dashed/pink) but then is pulled
back, so that it is in fact the initial minimum point (shown
in blue/solid) which fails first. A slightly larger value of
�� = 0.002MPl fails immediately at the maximum point (in
green/dotted), as expected.

“bounce back” with greater gradients. Note that whilst
we might expect that the field would simply “oscillate
back” to the same configuration and amplitude, in fact,
due to the dispersion of the field, it tends to stabilise at
a lower amplitude, and slow roll together at an approxi-
mately fixed phase, until one point falls o↵ the cli↵ and
pulls the rest with it.
The results of several simulations are illustrated in fig-

ure 7. We see that the predicted critical value for �� at
which immediate failure occurs is approximately correct.
In fact the field can even resist some initial movement to-
wards the minimum at the maximum point, before being
pulled back up the potential hill.

C. Small Field model with no extended flat
direction

In this section, we will investigate the robustness of
small field inflation where the negative � direction is a
“cli↵” (see Figure 8). The potential and initial conditions
that we use are the same as those in Section IIIA, except
that in the negative � direction we use:

V (�) = V0 +m
2
�
2 (35)

where m2 = 3.75⇥10�18
M

2
Pl, so as to create a steep (ish)

“cli↵” which resists the field moving in that direction.
The overall potential function is illustrated in Figure 8.
For the N = 1 case, we find failure at initial am-

plitudes of �� ⇡ 5 ⇥ 10�5
MPl, which corresponds to

⇢grad/⇢V0 ⇡ 6⇥ 10�7. Note that the range of amplitudes
over which inflation fails is roughly an order of magni-
tude smaller than in the case of the extended flat region,

For Quartic Hilltop V (�) = ⇤4

"
1�

✓
�

µ

◆4
#

Check with full Numerical Relativity simulations

�max

GRCHOMBO



Joint Initial Conditions-
Model Constraints

Since � = �0 + �� and �� is bounded by 
end of the inflation, there exists              such
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Joint Initial Conditions-
Model Constraints

=

Model  
Space
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“Successful 
Inflation”

Successful 
Inflation

By probing the boundary, we can start to construct the 
distribution, and perhaps understand the measure of 

successful inflation.



Conclusions
• Inflation is designed to solve a question of expectations. 


• We don’t know what these “expectations” are — “Measure 
Problem”.  

• The measure/distribution encompasses both theory model 
space and initial condition space.


• Convex models are more robust than Concave models 
(Tension with Planck?)


• Demonstrate an exemplar on how to begin to construct the 
boundary of such a distribution.


