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Recent results from the Planck 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 dis-
cuss 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 recon-
ciling 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, se-
rious difficulties that cut to the core of the inflationary paradigm. Forthcoming searches for B-modes,
non-Gaussianity and new particles should be decisive.

© 2013 Elsevier B.V. All rights reserved.

The Planck satellite data reported in 2013 [1] shows with high
precision that we live in a remarkably simple universe. The mea-
sured spatial curvature is small; the spectrum of fluctuations is
nearly scale-invariant; there is a small spectral tilt, consistent with
there having been a simple dynamical mechanism that caused the
smoothing and flattening; and the fluctuations are nearly Gaus-
sian, 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 cosmological parameters [3], but, qualitatively,
they call for a cosmological paradigm whose simplicity and parsi-
mony matches the nature of the observed universe.

The Planck Collaboration attempted to make this point by de-
scribing the data as supporting the simplest inflationary models
[4–6]. However, the models most favored by their data (combined
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 several other im-
portant criteria described in this Letter, the favored models are
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anything but simple: Namely, they suffer from exacerbated forms of
initial conditions and multiverse problems, and they create a new
difficulty that we call the inflationary “unlikeliness problem.” That
is, the favored inflaton potentials are exponentially unlikely accord-
ing to the logic of the inflationary paradigm itself. The unlikeliness
problem arises even if we assume ideal initial conditions for be-
ginning 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
Collider (LHC) suggesting a standard model Higgs could create yet
another problem for inflation.

Our analysis is based on considering the “favored” models ac-
cording to the current observations. (Here and throughout the Let-
ter we use the ranking terminology of the Planck Collaboration.)
Although the simplest inflationary models are “disfavored” relative
to these by 1.5σ or more, it is too early in some cases to declare
them “ruled out.” We discuss in the conclusions how forthcom-
ing 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
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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.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction

Did our universe undergo a period of accelerated expansion 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 an-
swer to both of these questions is “yes” [1,2]. As we argue here,
the inflationary paradigm draws upon well-motivated physical in-
teractions and types of matter. The inflationary explanations for
the homogeneity and the flatness of the universe can be un-
derstood in the context of classical general relativity, and even
the origin of density fluctuations can be accurately described in
the context of quantum field theory on a classical, curved space-
time [3], a theoretical framework that has been thoroughly studied
for decades [4]. Moreover, reasoning about the behavior of funda-
mental 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 predic-
tions [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 inflaton potential or the initial conditions are
fine-tuned, the primordial perturbations should be predominantly
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E-mail addresses: guth@ctp.mit.edu (A.H. Guth), dikaiser@mit.edu (D.I. Kaiser),

ynomura@berkeley.edu (Y. Nomura).

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 Hub-
ble radius, and then resume oscillation upon reentering the Hubble
radius. The temporal oscillations of modes with nearby wave-
lengths 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 predictions. 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 in-
flationary models make predictions that agree with experiment,
which is how theories 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 success-
ful inflationary models are “exponentially unlikely according to the
inner logic of the inflationary paradigm itself.” In this paper we ar-
gue that this is not the case by addressing each of their specific
points. We will argue that their negative conclusions rely on un-
founded 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.

http://dx.doi.org/10.1016/j.physletb.2014.03.020
0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by
SCOAP3.
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Classic inflation, the theory described in textbooks, is based on the idea that, beginning from
typical initial conditions and assuming a simple inflaton potential with a minimum of fine-tuning,
inflation can create exponentially large volumes of space that are generically homogeneous, isotropic
and flat, with nearly scale-invariant spectra of density and gravitational wave fluctuations that are
adiabatic, Gaussian and have generic predictable properties. In a recent paper, we showed that, in
addition to having certain conceptual problems known for decades, classic inflation is for the first
time also disfavored by data, specifically the most recent data from WMAP, ACT and Planck2013.
Guth, Kaiser and Nomura and Linde have each recently published critiques of our paper, but, as
made clear here, we all agree about one thing: the problematic state of classic inflation. Instead, they
describe an alternative inflationary paradigm that revises the assumptions and goals of inflation,
and perhaps of science generally.

In a recent paper [1], we have shown that cosmic
microwave background data gathered from the Wilkin-
son Microwave Anisotropy Probe (WMAP) and the At-
acama Cosmology Telescope (ACT) and confirmed by
Planck2013 disfavors the simplest inflaton potentials and
introduces new difficulties for the paradigm. In their re-
sponse [2], Guth, Kaiser, and Nomura (GKN) countered
that cosmic inflation is “on stronger footing than ever,”
[gkn1]1 and Linde [3] has expressed his support of that
view. What is clear from GKN, though, is that two very
different versions of inflation are being discussed.
One is the inflationary paradigm described in text-

books [4, 5], which we will call classic inflation. Clas-
sic inflation proposes that, beginning from typical initial
conditions and assuming a simple inflaton potential with
a minimum of fine-tuning, inflation can create exponen-
tially large volumes of space that are generically homo-
geneous, isotropic and flat, with a nearly scale-invariant
spectrum of density and gravitational wave fluctuations
that is adiabatic, Gaussian and has generic predictable
properties. Implicit in classic inflation is reliance on vol-
ume as being the natural measure: e.g., even if the prob-
ability of obtaining a patch of space with the right initial
conditions is small a priori, the inflated regions occupy
an overwhelming volume a posteriori and so their prop-
erties constitute the predictions.
Until now, the problematic issues of classic inflation

have been conceptual: the entropy problem [6], the Liou-
ville problem [7], the multiverse unpredictability problem
[8–10], etc. Our point in [1] was to show that, even if the

1 Throughout this note, [gkn#] refers to specific quotes from [2]
that have been reproduced in the Appendix, though we strongly
suggest reading [2] in its entirety.

conceptual problems are favorably resolved, classic infla-
tion is now disfavored by observations. It is significant
that neither GKN nor Linde dispute these points, as we
will detail below [gkn2–6].

Instead, GKN label classic inflation as outdated and,
over the course of their paper, they describe an alterna-
tive inflationary paradigm that has been developing in
recent years and revises the assumptions and goals of in-
flation, and, as Linde suggests, perhaps of science gener-
ally. This makes clear that a schism has erupted between
classic inflation and what might appropriately be called
postmodern inflation. The two inflationary paradigms
are substantially different and should be judged sepa-
rately. We will first review the situation for classic infla-
tion, where there is a consensus on its status. Then, we
will describe postmodern inflation and briefly comment
on its properties.

Classic inflation. Three independent inputs must be
specified to determine predictions of any inflationary sce-
nario, whether classic or postmodern: the initial condi-
tions, the inflaton potential, and the measure. The initial
conditions refer to the earliest time when classical general
relativity begins to be a good approximation for describ-
ing cosmic evolution, typically the Planck time. (Here
we are assuming for simplicity that inflation is driven
by a scalar field slowly rolling down an inflaton poten-
tial, but our discussion can be easily generalized to other
sources of inflationary energy.) Roughly, the inflaton po-
tential determines a family of classical trajectories, some
of which do and some of which do not include a long
period of inflation; the initial conditions pick out a sub-
set of trajectories; and the measure defines the relative
“weight” among the subset of trajectories needed to com-
pute the predictions.
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THE LATEST ASTROPHYSICAL MEASUREMENTS,  
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OF THE EARLY COSMOS AND SUGGEST WE NEED NEW IDEAS 
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Observations

A Scientific American article about the theory of inflation prompted a reply from a group of 33
physicists, along with a response from the article’s authors

A Cosmic Controversy

May 10, 2017

Credit: Scientific American, February 2017

The origins of space and time are among the most mysterious and contentious

topics in science. Our February 2017 article “Pop Goes the Universe” argues

against the dominant idea that the early cosmos underwent an extremely rapid

expansion called inflation. Its authors instead advocate for another scenario—that

our universe began not with a bang but with a bounce from a previously

contracting cosmos. In the letter below, a group of 33 physicists who study

Alan H. Guth, David I. Kaiser, Andrei D. Linde, Yasunori Nomura, Charles L. 
Bennett, J. Richard Bond, François Bouchet, Sean Carroll, George Efstathiou, 

Stephen Hawking, Renata Kallosh, Eiichiro Komatsu, Lawrence M. Krauss, 
David H. Lyth, Juan Maldacena, John C. Mather, Hiranya Peiris, Malcolm Perry, 

Lisa Randall, Martin Rees, Misao Sasaki, Leonardo Senatore, Eva 
Silverstein, George F. Smoot, Alexei Starobinsky, Leonard Susskind, Michael S. 

Turner, Alexander Vilenkin, Steven Weinberg, Rainer Weiss, Frank 
Wilczek, Edward Witten, Matias Zaldarriaga
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Planck 2013 results

Planck Collaboration: Cosmological parameters
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Fig. 23. Upper: Posterior distribution for ns for the base ⇤CDM
model (black) compared to the posterior when a tensor compo-
nent and running scalar spectral index are added to the model
(red) Middle: Constraints (68% and 95%) in the ns–dns/d ln k
plane for ⇤CDM models with running (blue) and additionally
with tensors (red). Lower: Constraints (68% and 95%) on ns and
the tensor-to-scalar ratio r0.002 for ⇤CDM models with tensors
(blue) and additionally with running of the spectral index (red).
The dotted line show the expected relation between r and ns for
a V(�) / �2 inflationary potential (Eqs. 66a and 66b); here N is
the number of inflationary e-foldings as defined in the text. The
dotted line should be compared to the blue contours, since this
model predicts negligible running. All of these results use the
Planck+WP+highL data combination.
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Fig. 24. Constraints on ns for ⇤CDM models with non-standard
relativistic species, Ne↵ , (upper) and helium fraction, YP, (lower).
We show 68% and 95% contours for various data combinations.
Note the tightening of the constraints with the addition of BAO
data.

of ACT and SPT with earlier data from WMAP). The ACT
3-year release, which incorporated a new region of sky, gave
dns/d ln k = �0.003 ± 0.013 (Sievers et al. 2013) when com-
bined with WMAP 7 year data. With the wide field SPT data at
150 GHz, a negative running was seen at just over the 2� level,
dns/d ln k = �0.024 ± 0.011 (Hou et al. 2012).

The picture from previous CMB experiments is therefore
mixed. The latest WMAP data show a 1� trend for a running,
but when combined with the S12 SPT data, this trend is ampli-
fied to give a potentially interesting result. The latest ACT data
go in the other direction, giving no support for a running spectral
index when combined with WMAP36.

The results from Planck data are as follows (see Figs. 21 and
23):

dns/d ln k = �0.013 ± 0.009 (68%; Planck+WP); (62a)
dns/d ln k = �0.015 ± 0.009 (68%; Planck+WP+highL); (62b)
dns/d ln k = �0.011 ± 0.008 (68%; Planck+lensing

+WP+highL). (62c)

The consistency between (62a) and (62b) shows that these re-
sults are insensitive to modelling of unresolved foregrounds. The
preferred solutions have a small negative running, but not at

36The di↵erences between the Planck results reported here and the
WMAP-7+SPT results (Hou et al. 2012) are discussed in Appendix B.
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Large and small field models

Consider a scalar field minimally coupled to gravity

In a flat FRW background, we have:
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Inflationary problems after 2013 2

Inflaton Potential + Initial Conditions + Measure =⇒ Predictions

Classic
inflationary
paradigm

Simple –
Single, continuous stage
of inflation governed by
potentials with the
fewest degrees of
freedom, fewest
parameters, least
tuning.

Insensitive –
Inflation transforms
typical initial conditions
emerging from the big
bang into a flat, smooth
universe with certain
generic properties.

Common-sense –
It is more likely to live
in an inflated region
because inflation
exponentially increases
volume
⇒ measure = volume

Generic –
Based on simplest
potentials:
- red tilt: nS ∼ .94− .97,
- large r ∼ .1− .3*,
- negligible fNL,
- flatness & homogeneity

Conceptual
problems
known
prior to
WMAP,
ACT &
Planck2013

Not so simple –
Even simplest potentials
require fine-tuning of
parameters to obtain
the right amplitude of
density fluctuations.

Sensitive –
The initial conditions
required to begin
inflation are entropically
disfavored/exponentially
unlikely. There
generically exist more
homogeneous and flat
solutions without
inflation than with.

Catastrophic
failure –
Inflation produces a
multiverse in which
most of the volume
today is inflating and,
among non-inflating
volumes (bubbles),
Inflation predicts our
universe to be
exponentially unlikely.

Predictability
problem –
No generic predictions;
“anything can happen
and will happen an
infinite number of
times.” The probability
by volume of our
observable universe is
less than 10−10

55

.

Observational
problems
after WMAP,
ACT &
Planck2013
[1]***

Unlikeliness
problem –
Simplest inflaton
potentials disfavored by
data; favored (plateau)
potentials require more
parameters, more
tuning, and produce less
inflation.

New initial
conditions problem –
Favored plateau
potentials require an
initially homogeneous
patch that is a billion
times** larger than
required for the simplest
inflaton potentials.

New measure
problem –
All favored models
predict a multiverse yet
data fits predictions
assuming no multiverse.

Predictability
problem unresolved –
Potentials favored by
data do not avoid the
multiverse or the
predictability problems
above. Hence, no
generic predictions.

TABLE I. Classic Inflation.

*The same arguments used to derive the “generic” predictions of tilt, flatness, etc. in [2], also predict the tensor-to-
scalar ratio to be 10-30%.
**A different value is presented in [2] because they only consider initial patches that are homogeneous and open, whereas we
consider typical patches dominated by various forms energy density such as radiation.
***Future data can amplify, confirm, or diffuse the three problems introduced in [1]. See Discussion section.

As described in row 1 of Table I, classic inflation is
based on assuming simple initial conditions, simple po-
tentials and a simple common-sense measure. The notion
is that, for initial conditions emerging from the big bang,
some regions of space have the properties required to un-
dergo a period of accelerated expansion that smoothes
and flattens the universe, leaving only tiny perturba-
tions that act as sources of cosmic microwave background
fluctuations and seeds for galaxy formation. Although
most regions of space emerging from the big bang may
not have the correct conditions to start inflation, this
is compensated by the fact that inflation exponentially
stretches the volume of the regions that do have the
right conditions. Using volume-weighting as the mea-
sure, smooth and flat regions dominate the universe by
the end of inflation provided the regions with the correct
initial conditions are only modestly rare (though see dis-
cussion below). For potentials with a minimum of fields

(one) and a minimum of fine-tuning of parameters, there
are generic inflationary predictions: a spatially flat and
homogeneous background universe with a nearly scale-
invariant, red-tilted spectrum of primordial density fluc-
tuations (nS ∼ 0.94−0.97), significant gravitational-wave
signal (r ∼ 0.1 − 0.3), and negligible non-Gaussianity
(fnl ∼ 0).

Known problems of classic inflation before WMAP,
ACT & Planck2013. Conceptual problems with classic
inflation have been known for three decades; row 2 of
Table I. First, all inflationary potentials require orders
of magnitude of parameter fine-tuning to yield the ob-
served amplitude of the primordial density fluctuations
(δρ/ρ ∼ 10−5). Second, the probability of a region of
space having the right initial conditions to begin infla-
tion is exponentially small [6, 7]. By standard classical
statistical mechanical reasoning, even for simple inflaton
potentials, there exist more homogeneous and flat cosmic



“Unlikeliness problem”

disfavors by 1.5σ or more all the simplest inflation models:
power-law potential and chaotic inflation [8], exponential po-
tential and power-law inflation [9], inverse power-law potential
[10, 11]. Third, the r-ns plot favors instead a special subclass of
inflationary models with plateau-like inflaton potentials. These
models – simple symmetry breaking [5, 6, 12], natural (axionic)
[13], symmetry breaking with non-minimal (quadratic) cou-
pling [14, 15, 16], R2 [17], hilltop [18] – are simple in the sense
that they all can be formulated (in some cases via changes of
variable [19, 20, 21, 22]) as single-field, slow-roll models with
a canonical kinetic term in the framework of Einstein gravity
[1]. A distinctive feature of this subclass of models, following
from the Planck2013 constraint on r (r0.002 < 0.12 at 95% CL),
that will be important in our analysis is that the energy scale of
the plateau (M4

I ) is at least 12 orders of magnitude below the
Planck scale ∼ M4
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A classic example that we will consider first is the original

new inflation model [5, 6] based on a Higgs-like inflaton, φ,
and potential V(φ) = λ(φ2 − φ20)

2, as illustrated in Fig. 1a. The
plateau region is the range of small φ ≪ φ0. Other examples
illustrated in Figs. 1b and 1c will then be considered.
An obvious difference between plateau-like models like this

and the simplest inflationary models, like V(φ) = λφ4, is that
the simplest models require only one parameter and absolutely
no tuning of parameters to obtain 60 or more e-folds of inflation
while the plateau-like models require three or more parameters
and must be fine-tuned to obtain even a minimal amount of in-
flation. For V(φ) = λφ4 all that is required is that φ ≥ MPl,
where MPl is the Planck mass. However, the fine-tuning of pa-
rameters is a minor issue within the context of the more se-
rious problems described below that undercut the inflationary
paradigm altogether.

2. How do plateau-like inflationary models affect the initial
conditions problem?

As originally imagined, inflation was supposed to smooth
and flatten the universe beginning from arbitrary initial con-
ditions after the big bang [4]. However, this view had to be
abandoned as it was realized that large inflaton kinetic en-
ergy and gradients within a Hubble-sized patch prevent infla-
tion from starting. While some used statistical mechanical rea-
soning to argue that the initial conditions required for infla-
tion are exponentially rare [23, 24], the almost “universally ac-
cepted” [25] assumption for decades, originally due to Linde
[8, 26, 27, 28, 29, 30, 31, 32, 33, 34], has been that the natu-
ral initial condition when the universe first emerged from the
big bang and reached the Planck density is having all different
energy forms of the same order. For the inflaton, this means
1
2 φ̇

2 ∼ 1
2 (∂iφ)

2 ∼ V(φ) ∼ M4
Pl. Roughly speaking, the assump-
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span the same range, from zero to M4
Pl, so it is plausible to have

them of the same order at a time when the total energy density
is M4

Pl. Evolving forward in time from these initial conditions,
V(φ) almost immediately comes to dominate the energy density
and triggers inflation before the kinetic and gradient energy can
block it from starting.
After Planck2013, the very same argument used to defend in-

flation now becomes a strong argument against it. Because the
potential energy density of the plateauM4

I is bounded above and
must be at least a trillion times smaller than the Planck density
to obtain the observed density fluctuation amplitude, the only
patches that exist have 1

2 φ̇
2 ∼ 1

2 (∂iφ)
2 ≫ V(φ). In particular,

beginning from these revised initial conditions and evolving
forward in time, the kinetic energy decreases as 1/a6 and the
gradient energy as 1/a2, where a(t) is the Friedman-Robertson-
Walker scale factor. Hence, beginning from roughly equal
kinetic and gradient energy, gradients and inhomogeneities
quickly dominate and the combination blocks inflation from oc-
curring.
To quantify the problem, for inflation to initiate, there must

be a seed region at the Planck density (t = tPl) that remains
roughly homogeneous until inflation begins (t = tI) and whose
radius r(t) has expanded to a size at least equal to a Hubble
radius, H−1(tI) at the time inflation initiates. After Planck2013,
this requires, by simple comparison of the scalesMPl/MI ∼ 103·
(1016 GeV/MI) as constrained by Planck2013, that there exist
homogeneous initial volumes before inflation beginswhose size
is

r3(tPl) !

[

a(tPl)
∫ tI

tPl

d t
a

]3

∼

[

a(tPl)H(tPl)
a(tI)H(tI)

H−1(tPl)
]3

> 109
(

1016 GeV
MI

)3

H−3(tPl) , (2)

– initial smoothness on the scale of a billion or more Hubble
volumes [25]!
In sum, by favoring only plateau-like models, the

Planck2013 data creates a serious new challenge for the infla-
tionary paradigm: the universally accepted assumption about
initial conditions no longer leads to inflation; instead, inflation
can only begin to smooth the universe if the universe is unex-
pectedly smooth to begin with!

3. Is a plateau-like potential likely according to the infla-
tionary paradigm?

All inflationary potentials are not created equal. The odd sit-
uation after Planck2013 is that inflation is only favored for a
special class of models that is exponentially unlikely according
to the inner logic of the inflationary paradigm itself. The situa-
tion is independent of the initial conditions problem described
above; even assuming ideal conditions for initiating inflation,
the fact that only plateau-like models are favored is paradoxical
because inflation requires more tuning, occurs for a narrower
range of parameters, and produces exponentially less plateau-
like inflation than the now-disfavored models with power-law

potentials. This is what we refer to as the inflationary “unlike-
liness problem.”
To illustrate the problem, we continue with the classic

plateau-like model V(φ) = λ(φ2 − φ20)
2. Like most plateau-like

inflationary models, the plateau terminates at a local minimum,
and then the potential grows as a power-law (∼ λφ4 in this case)
for large φ. The problem arises because within this scenario the
same minimum can be reached in two different ways, either
by slow-roll inflation along the plateau or by slow-roll infla-
tion from the power-law side of the minimum. It is easy to
see that inflation from the power-law side requires less tuning
of parameters, occurs for a much wider range of φ, and pro-
duces exponentially more inflation: constraints on an inflation-
ary model are determined by the amount of inflation (N ∼ 60);
the scale of density fluctuations (δρ/ρ ∼ 10−5); and the con-
dition called “graceful exit” (which ensures that inflation ends
locally and marks the start of reheating). Using the well-known
slow-roll approximation, N ∼ V/V ′′, dρ/ρ ∼ V3/2/V ′, these
constraints can be specified for both plateau-like∼ λφ40−2λφ

2
0φ
2

and power-law ∼ λφ4 inflation [35].
One immediately observes that the first constraint imposes

no parameter tuning constraints on power-law models but does
require fine-tuning for plateau-like models. For the plateau-like
model, inflation occurs if φ lies in the range

∆φ(plateau) " φ0 ∼ MPl, (3)

and the maximum number of e-folds is

Nmax(plateau) =
∫ te

ti
H d t ∼

8π
M2
Pl

∫ φe

φi

V
V ′

dφ

∼ 8πφ20/M
2
Pl . (4)

By comparison, coming from the power-law side of the same
potential, inflation occurs for the range ∆φ(power-law) "
λ−1/4MPl, so that

∆φ(power-law) ≫ ∆φ(plateau), (5)

where we have followed convention in confining the power-
law range to those values for φ for which V(φ) is less than the
Planck density and used the fact that λ must be of order 10−15
to obtain the observed density perturbation amplitude on large
scales. Also, the maximum integrated amount of inflation on
the power-law side is

Nmax(power-law) ∼ max{8π(φ2initial − φ
2
end)/M

2
Pl}

∼ λ−1/2Nmax(plateau)
≫ Nmax(plateau). (6)

Obviously, given the much larger field-range for φ and larger
amount of expansion, inflation from the power-law side is ex-
ponentially more likely according to the inflationary paradigm;
yet Planck2013 forbids the power-law inflation and only allows
the unlikely plateau-like inflation. This is what we call the in-
flationary unlikeliness problem.
Although we have demonstrated the principle so far for only

a single potential, completion of most scalar field potentials,
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Need tuning of parameters to have a plateau. Plateau predicts less e-folds, so less amount of 
inflationary expansion, so it is less likely. 



Reply to unlikeliness problem

The concept of “likeliness” must be addressed in the context of the multiverse (see later)

No way of knowing if inflation occurred on the plateau or power-law part

The plateau could have been preceded by tunnelling from a metastable vacuum (where N 
could be very large) and the center be a point of enhanced symmetry in  a multi-field space

No measure to compute probabilities has been satisfactorily defined 

The story is more complicated…



Inflationary problems after 2013 2

Inflaton Potential + Initial Conditions + Measure =⇒ Predictions

Classic
inflationary
paradigm

Simple –
Single, continuous stage
of inflation governed by
potentials with the
fewest degrees of
freedom, fewest
parameters, least
tuning.

Insensitive –
Inflation transforms
typical initial conditions
emerging from the big
bang into a flat, smooth
universe with certain
generic properties.

Common-sense –
It is more likely to live
in an inflated region
because inflation
exponentially increases
volume
⇒ measure = volume

Generic –
Based on simplest
potentials:
- red tilt: nS ∼ .94− .97,
- large r ∼ .1− .3*,
- negligible fNL,
- flatness & homogeneity

Conceptual
problems
known
prior to
WMAP,
ACT &
Planck2013

Not so simple –
Even simplest potentials
require fine-tuning of
parameters to obtain
the right amplitude of
density fluctuations.

Sensitive –
The initial conditions
required to begin
inflation are entropically
disfavored/exponentially
unlikely. There
generically exist more
homogeneous and flat
solutions without
inflation than with.

Catastrophic
failure –
Inflation produces a
multiverse in which
most of the volume
today is inflating and,
among non-inflating
volumes (bubbles),
Inflation predicts our
universe to be
exponentially unlikely.

Predictability
problem –
No generic predictions;
“anything can happen
and will happen an
infinite number of
times.” The probability
by volume of our
observable universe is
less than 10−10

55

.

Observational
problems
after WMAP,
ACT &
Planck2013
[1]***

Unlikeliness
problem –
Simplest inflaton
potentials disfavored by
data; favored (plateau)
potentials require more
parameters, more
tuning, and produce less
inflation.

New initial
conditions problem –
Favored plateau
potentials require an
initially homogeneous
patch that is a billion
times** larger than
required for the simplest
inflaton potentials.

New measure
problem –
All favored models
predict a multiverse yet
data fits predictions
assuming no multiverse.

Predictability
problem unresolved –
Potentials favored by
data do not avoid the
multiverse or the
predictability problems
above. Hence, no
generic predictions.

TABLE I. Classic Inflation.

*The same arguments used to derive the “generic” predictions of tilt, flatness, etc. in [2], also predict the tensor-to-
scalar ratio to be 10-30%.
**A different value is presented in [2] because they only consider initial patches that are homogeneous and open, whereas we
consider typical patches dominated by various forms energy density such as radiation.
***Future data can amplify, confirm, or diffuse the three problems introduced in [1]. See Discussion section.

As described in row 1 of Table I, classic inflation is
based on assuming simple initial conditions, simple po-
tentials and a simple common-sense measure. The notion
is that, for initial conditions emerging from the big bang,
some regions of space have the properties required to un-
dergo a period of accelerated expansion that smoothes
and flattens the universe, leaving only tiny perturba-
tions that act as sources of cosmic microwave background
fluctuations and seeds for galaxy formation. Although
most regions of space emerging from the big bang may
not have the correct conditions to start inflation, this
is compensated by the fact that inflation exponentially
stretches the volume of the regions that do have the
right conditions. Using volume-weighting as the mea-
sure, smooth and flat regions dominate the universe by
the end of inflation provided the regions with the correct
initial conditions are only modestly rare (though see dis-
cussion below). For potentials with a minimum of fields

(one) and a minimum of fine-tuning of parameters, there
are generic inflationary predictions: a spatially flat and
homogeneous background universe with a nearly scale-
invariant, red-tilted spectrum of primordial density fluc-
tuations (nS ∼ 0.94−0.97), significant gravitational-wave
signal (r ∼ 0.1 − 0.3), and negligible non-Gaussianity
(fnl ∼ 0).

Known problems of classic inflation before WMAP,
ACT & Planck2013. Conceptual problems with classic
inflation have been known for three decades; row 2 of
Table I. First, all inflationary potentials require orders
of magnitude of parameter fine-tuning to yield the ob-
served amplitude of the primordial density fluctuations
(δρ/ρ ∼ 10−5). Second, the probability of a region of
space having the right initial conditions to begin infla-
tion is exponentially small [6, 7]. By standard classical
statistical mechanical reasoning, even for simple inflaton
potentials, there exist more homogeneous and flat cosmic



New initial condition problem
In chaotic (power law) inflation, one starts with generic initial conditions at the Planck scale:
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Evolving forward in time, potential comes to dominate over the kinetic and gradient energy 
(which decrease in time) and inflation starts. One just needs a region of homogeneity of order 
H-1
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In the plateau, difficult for the potential to dominate. One must require an initial region of 
homogeneity much larger than H-1

Evolving forward in time, potential comes to dominate over the kinetic and gradient energy 
(which decrease in time) and inflation starts. One just needs a region of homogeneity of order 
H-1



Reply to IC problem

Assuming inflation only occurred on the plateau…

Do not agree with the estimate, because the region of homogeneity and H-1 scale in the same 
way

Anyway, estimate is based on the assumption that the potential is featureless. Potential can 
be more complicated: tunnelling, multi-field with many local minima, etc. Details of this 
previous phase are anyway not observable…

The situation can be even more complicated in the multiverse picture: inflation may have been 
preceded by other inflationary phases, etc.
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some regions of space have the properties required to un-
dergo a period of accelerated expansion that smoothes
and flattens the universe, leaving only tiny perturba-
tions that act as sources of cosmic microwave background
fluctuations and seeds for galaxy formation. Although
most regions of space emerging from the big bang may
not have the correct conditions to start inflation, this
is compensated by the fact that inflation exponentially
stretches the volume of the regions that do have the
right conditions. Using volume-weighting as the mea-
sure, smooth and flat regions dominate the universe by
the end of inflation provided the regions with the correct
initial conditions are only modestly rare (though see dis-
cussion below). For potentials with a minimum of fields

(one) and a minimum of fine-tuning of parameters, there
are generic inflationary predictions: a spatially flat and
homogeneous background universe with a nearly scale-
invariant, red-tilted spectrum of primordial density fluc-
tuations (nS ∼ 0.94−0.97), significant gravitational-wave
signal (r ∼ 0.1 − 0.3), and negligible non-Gaussianity
(fnl ∼ 0).

Known problems of classic inflation before WMAP,
ACT & Planck2013. Conceptual problems with classic
inflation have been known for three decades; row 2 of
Table I. First, all inflationary potentials require orders
of magnitude of parameter fine-tuning to yield the ob-
served amplitude of the primordial density fluctuations
(δρ/ρ ∼ 10−5). Second, the probability of a region of
space having the right initial conditions to begin infla-
tion is exponentially small [6, 7]. By standard classical
statistical mechanical reasoning, even for simple inflaton
potentials, there exist more homogeneous and flat cosmic



New measure problem

disfavors by 1.5σ or more all the simplest inflation models:
power-law potential and chaotic inflation [8], exponential po-
tential and power-law inflation [9], inverse power-law potential
[10, 11]. Third, the r-ns plot favors instead a special subclass of
inflationary models with plateau-like inflaton potentials. These
models – simple symmetry breaking [5, 6, 12], natural (axionic)
[13], symmetry breaking with non-minimal (quadratic) cou-
pling [14, 15, 16], R2 [17], hilltop [18] – are simple in the sense
that they all can be formulated (in some cases via changes of
variable [19, 20, 21, 22]) as single-field, slow-roll models with
a canonical kinetic term in the framework of Einstein gravity
[1]. A distinctive feature of this subclass of models, following
from the Planck2013 constraint on r (r0.002 < 0.12 at 95% CL),
that will be important in our analysis is that the energy scale of
the plateau (M4

I ) is at least 12 orders of magnitude below the
Planck scale ∼ M4

Pl [1],

M4
I !

3π2As
2

r M4
Pl ∼ 10

−12 M4
Pl

r∗
0.12

(1)

at 95% CL, where As is the scalar amplitude and r∗ the value of
r evaluated at Hubble exit during inflation of mode with wave
number k∗.
A classic example that we will consider first is the original

new inflation model [5, 6] based on a Higgs-like inflaton, φ,
and potential V(φ) = λ(φ2 − φ20)

2, as illustrated in Fig. 1a. The
plateau region is the range of small φ ≪ φ0. Other examples
illustrated in Figs. 1b and 1c will then be considered.
An obvious difference between plateau-like models like this

and the simplest inflationary models, like V(φ) = λφ4, is that
the simplest models require only one parameter and absolutely
no tuning of parameters to obtain 60 or more e-folds of inflation
while the plateau-like models require three or more parameters
and must be fine-tuned to obtain even a minimal amount of in-
flation. For V(φ) = λφ4 all that is required is that φ ≥ MPl,
where MPl is the Planck mass. However, the fine-tuning of pa-
rameters is a minor issue within the context of the more se-
rious problems described below that undercut the inflationary
paradigm altogether.

2. How do plateau-like inflationary models affect the initial
conditions problem?

As originally imagined, inflation was supposed to smooth
and flatten the universe beginning from arbitrary initial con-
ditions after the big bang [4]. However, this view had to be
abandoned as it was realized that large inflaton kinetic en-
ergy and gradients within a Hubble-sized patch prevent infla-
tion from starting. While some used statistical mechanical rea-
soning to argue that the initial conditions required for infla-
tion are exponentially rare [23, 24], the almost “universally ac-
cepted” [25] assumption for decades, originally due to Linde
[8, 26, 27, 28, 29, 30, 31, 32, 33, 34], has been that the natu-
ral initial condition when the universe first emerged from the
big bang and reached the Planck density is having all different
energy forms of the same order. For the inflaton, this means
1
2 φ̇

2 ∼ 1
2 (∂iφ)

2 ∼ V(φ) ∼ M4
Pl. Roughly speaking, the assump-

tion is based on the notion that all these forms of energy density
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Figure 1: Plateau-like models favored by Planck2013 data: (a) Higgs-like po-
tential V with standard Einstein gravity that has both plateau at φ ≪ φ0 (solid
red) and power-law behavior at φ ≫ φ0 (dashed blue), where Nmax is the max-
imum number of e-folds of inflation possible for the maximal range ∆φ; (b)
unique plateau-like model (solid red) for semi-infinite range of φ if perfectly
tuned compared to continuum of power-law inflation models (dashed blue)
without tuning; (c) periodic (axion-like) plateau potential (solid red) for φ plus
typical power-law inflation potential (dashed blue) for second field ψ; (d) de-
signed inflationary potential with power-law inflation segment or false vacuum
segment (dotted green) grafted onto a plateau model (solid red).
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Eternal inflation: quantum fluctuations dominate over the classical evolution:

Most of the volume occupied by many (infinite) inflating regions. Since anything can happen, 
large deviations from naive predictions should be observed and we do not

Multiverse, but probabilities must be defined. Using the volume on proper time hypersurfaces 
lead to very small probabilities for our universe



Reply to new measure problem
Probability laws work also with large (infinite) numbers. (In quantum mechanics anything can 
happen but cars do not tunnel from their garages.)

They agree that no measure has been satisfactorily defined, so difficult to distinguish 
common from rare events.



Falsifiability
5

Inflaton Potential + Initial Conditions + Measure =⇒ Predictions

Postmodern
inflationary
paradigm

Complex –
with many fields,
parameters, dips,
minima, and hence
many metastable states,
leading to multiple
phases of inflation
[gkn10-11] and making
eternal inflation
unavoidable [gkn12]

Not important –
in considering validity of
inflation; any problems
can be compensated by
adjusting the measure
[gkn19]

To be determined –
from some combination
of probability weighting
and anthropic selection
[gkn13,17,20]

Generic –
predictions should
generically agree with
observations once the
right complex potential
and combination of
measure and anthropic
weighting is identified
[gkn6,15]

Problems

Unpredictability.
Part I –
A complex energy
landscape allows
virtually any outcome
and provides no way to
determine which
inflaton potential form
is most likely. [gkn17]

Unpredictability.
Part II –
Without knowing initial
conditions cannot make
predictions even if
energy landscape is
known. [gkn14]

Paradigm rests
entirely on the
measure –
yet, to date, no
successful measure has
been proposed and there
is no obvious way to
solve this problem.
[gkn13]

No predictions –
the simplest (volume)
measure gives
catastrophic results and
different landscapes,
initial conditions, and
measures give different
predictions [gkn6].

TABLE II. Postmodern Inflation.

showed that most recent experimental data imposes new
challenges by disfavoring the simplest inflaton potentials.
As we emphasized in the conclusion of that paper, the
situation is subject to change depending on future data.
For example, suppose that forthcoming analysis of the
Planck polarization data will reverse the trend and find
r > 0.13. Suppose further that there remains negligible
non-Gaussianity and running of the spectral index and
there is no change in the tilt. Then, the three observa-
tional challenges (row 3 in Table I) posed in [1] disap-
pear (though the conceptual problems in row 2 of Table
I would remain). On the other hand, finding r > 0.13
is not sufficient to ease the problems for classic inflation.
For example, if the fit to the data requires non-negligible
non-Gaussianity or a large running of the spectral index,
|αs| ≫ 0.0001, would be just as bad for classic inflation
as an r-value below 0.13. Also note that the old prob-
lems (row 2 in Table I) remain irrespectively of future
experimental data. Other scenarios depending on future
data are also discussed in [1].

GKN discount the classic inflationary paradigm as out-
dated and instead describe an alternative (postmodern)
paradigm. Here, we have made it clear that these are
two very different paradigms sharing the same name and
being conflated. Henceforth, it is essential to distinguish
the two paradigms; particularly when interpreting exper-
iments.

Future data has no significance for the postmodern in-
flationary paradigm because the potential, initial condi-
tions and measure are chosen a posteriori to match ob-
servations, whatever the results. For example, measuring
r > 0.13 or r < 0.13 or not detecting any gravitational

waves at all makes no difference.
The scientific question we may be facing in the near

future is: If classic inflation is outdated and a failure, are
we willing to accept postmodern inflation, a construct
that lies outside of normal science? Or is it time to seek
an alternative cosmological paradigm?
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Appendix

For the readers convenience we have reproduced spe-
cific quotes from Ref. [2], though we urge reading
the paper in its entirety. Citations refer to version
arxiv.org/abs/1312.7619v2.

[gkn 1] Recent experimental evidence, including the im-
pressive measurements with the Planck satellite of
the cmb temperature perturbation spectrum and



Reply to falsifiability

1) A physical theory has parameters (in this case shape of the potential, initial conditions, 
etc.). These are not predicted but fixed a posteriori with data. Example: Standard Model: 
particle content and 19 or more numbers.

3) The multiverse does not interfere with testability. Standard Model and inflation would be 
understood as a description of physics of our Universe. 

2) Any physical theory relies on assumptions. E.g., big bang cosmology assumes initial 
homogeneity and small scale-invariant fluctuations (explained by inflation). But it makes 
predictions (relative abundance of light elements).



Thoughts on falsifiability

Inflation: early accelerated expansion of at least 60 e-folds. 

Predictions: flat and smooth universe, quasi-scale invariant 
spectrum of adiabatic and gaussian fluctuations, tensor 
modes.

Assumptions: it started in our observable universe at some 
high energy.

Parameters: field space, parameters in inflaton action.

Inflation



Thoughts on falsifiability

Evolution

Evolution: species change and new species form through 
natural selection. 

Predictions: speciation, anagenesis, extinctions (e.g. fossils).

Assumptions: Traits can be inherited and new traits can 
form.

Parameters: sizes of animals, characteristics of adaptations, 
etc.



Thoughts on falsifiability

Evolution I

Evolution: species change and new species form through 
natural selection. 

Predictions: speciation, anagenesis, extinctions (e.g. fossils).

Assumptions: Traits can be inherited and new traits can 
form.

Parameters: sizes of animals, characteristics of adaptations, 
etc.

Evolution

Genetics



Thoughts on falsifiability

InflationInflation

???
Inflation: early accelerated expansion of at least 60 e-folds. 

Predictions: flat and smooth universe, quasi-scale invariant 
spectrum of adiabatic and gaussian fluctuations, tensor 
modes.

Assumptions: it started in our observable universe at some 
high energy.

Parameters: field space, parameters in inflaton action.


