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The standard model of hot big-bang cosmology requires initial conditions which are problematic in two ways: (1)
The early universe is assumed to be highly homogeneous, in spite of the fact that separated regions were causally
disconnected (horizon problem); and (2) the initial value of the Hubble constant must be fine tuned to extraordinary
accuracy to produce a universe as flat (i.e., near critical mass density) as the one we see today (flatness problem).
These problems would disappear if, in its early history, the universe supercooled to temperatures 28 or more orders
of magnitude below the critical temperature for some phase transition. A huge expansion factor would then result
from a period of exponential growth, and the entropy of the universe would be multiplied by a huge factor when the
latent heat is released. Such a scenario is completely natural in the context of grand unified models of elementary-
particle interactions. In such models, the supercooling is also relevant to the problem of monopole suppression.
Unfortunately, the scenario seems to lead to some unacceptable consequences, so modifications must be sought.

I. INTRODUCTION: THE HORIZON AND FLATNESS
PROBLEMS

The standard model of hot big-bang cosmology
relies on the assumption of initial conditions which
are very puzzling in two ways which I will explain
below. The purpose of this paper is to suggest a
modified scenario which avoids both of these puz-
zles.
By "standard model, " I refer to an adiabatically

expanding radiation- dominated universe described
by a Robertson-%alker metric. Details will be
given in Sec. II.
Before explaining the puzzles, I would first like

to clarify my notion of "initial conditions. " The
standard model has a singularity which is conven-
tionally taken to be at time t =0. As t -0, the
temperature T—~. Thus, no initial-value prob-
lem can be defined at t=0. However, when T is
of the order of the Planck mass (Mz, —=I/~6=1. 22
&&10~~ GeV)' or greater, the equations of the stan-
dard model are undoubtedly meaningless, since
quantum gravitational effects are expected to be-
come essential. Thus, within the scope of our
knowl, edge, it is sensible to begin the hot big-bang
scenario at some temperature To which is com-
fortably below Mp, let us say To——10"GeV. At
this time one can take the description of the uni-
verse as a set of initial conditions, and the equa-
tions of motion then describe the subsequent evolu-
tion. Of course, the equation of state for matter
at these temperatures is not really known, but one
can make various hypotheses and pursue the con-
sequences.
In the standard model, the initial universe is

taken to be homogeneous and isotropic, and filled
with a gas of effectively massless particles in
thermal equilibrium at temperature To. The ini-
tial value of the Hubble expansion "constant" H is
taken to be Ho, and the model universe is then

completely described.
Now I can explain the puzzles. The first is the

well-known horizon problem. 2 The initial uni-
verse is assumed to be homogeneous, yet it con-
sists of at least -10" separate regions which are
causally disconnected (i. e. , these regions have
not yet had time to communicate with each other
via light signals). ' (The precise assumptions
which lead to these numbers will be spelled out in
Sec. II. ) Thus, one must assume that the forces
which created these initial conditions were capable
of violating causality.
The second puzzle is the flatness problem. This

puzzle seems to be much less celebrated than the
first, but it has been stressed by Dicke and Pee-
bles. I feel that it is of comparable importance
to the first. It is known that the energy density p
of the universe today is near the critical value p„
(corresponding to the borderline between an open
and closed universe). One can safely assume that~

0. 01 & Q& ( 10,
where

0—=p/p„= (8w/3)Gp/H2,

and the subscript p denotes the value at the present
time. Although these bounds do not appear at first
sight to be remarkably stringent, they, in fact,
have powerful implications. The key point is that
the condition 0=1 is unstable. Furthermore, the
only time scale which appears in the equations for
a radiation-dominated universe is the Planck time,
1/I„=5. 4 && 10 sec. A typical closed universe
will reach its maximum size on the order of this
time scale, while a typical open universe will
dwindle to a value of p much less than p„. A uni-
verse can survive -10' years only by extreme fine
tuning of the initial values of p and H, so that p is
very near p„. For the initial conditions taken at

Horizon, Flatness, No Monopoles
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Table 1. Cosmological parameter definitions

Parameter Definition

⌦b . . . . . . . . . . . Baryon fraction today (compared to critical density)
⌦c . . . . . . . . . . . . Cold dark matter fraction today (compared to critical density)
✓MC . . . . . . . . . . . Approximation to the angular size of sound horizon at last scattering
⌧ . . . . . . . . . . . . . Thomson scattering optical depth of reionized intergalactic medium
Ne↵ . . . . . . . . . . . Number of massive and massless neutrinos
⌃m⌫ . . . . . . . . . . Sum of neutrino masses
YP . . . . . . . . . . . . Fraction of baryonic mass in primordial helium
⌦K . . . . . . . . . . . Spatial curvature parameter
wde . . . . . . . . . . . Dark energy equation of state parameter (i.e., p/⇢) (assumed constant)
R . . . . . . . . . . . . Curvature perturbation
I . . . . . . . . . . . . Isocurvature perturbation
PX = k3|Xk |2/2⇡2 . Power spectrum of X
AX . . . . . . . . . . . X power spectrum amplitude (at k⇤ = 0.05 Mpc�1)
ns . . . . . . . . . . . . Scalar spectrum spectral index (at k⇤ = 0.05 Mpc�1)
dns/d ln k . . . . . . . Running of scalar spectral index (at k⇤ = 0.05 Mpc�1)
d2ns/d ln k2 . . . . . Running of running of scalar spectral index (at k⇤ = 0.05 Mpc�1)
r . . . . . . . . . . . . . Tensor-to-scalar power ratio (at k⇤ = 0.05 Mpc�1)
nt . . . . . . . . . . . . Tensor spectrum spectral index (at k⇤ = 0.05 Mpc�1)
dnt/d ln k . . . . . . . Running of tensor spectral index (at k⇤ = 0.05 Mpc�1)

2.1. Cosmic inflation

Inflation was developed in a series of papers by Starobinsky
(1980); Guth (1981); Albrecht & Steinhardt (1982); and Linde
(1982, 1983). (See also Sato (1981) and Brout et al. (1978) for
interesting precursors.) By generating an equation of state with
a negative pressure (i.e., w = p/⇢ ⇡ �1) before the radia-
tion epoch, inflation solves a number of cosmological conun-
drums (the monopole, horizon, smoothness, and entropy prob-
lems), which had plagued all cosmological models extrapolat-
ing a matter-radiation equation of state all the way back to the
singularity. Such an equation of state with a large negative pres-
sure and the resulting nearly-exponential expansion are obtained
from a scalar field, the inflaton, with a canonical kinetic term,
slowly rolling in the framework of Einstein gravity.

The homogeneous evolution of the inflaton field, �, is gov-
erned by the equation of motion

�̈(t) + 3H(t)�̇(t) + V� = 0, (1)

and the Friedmann equation

H2 =
1

3Mpl
2

 

1
2
�̇2 + V(�)

!

. (2)

Here H = ȧ/a is the Hubble parameter, the subscript � denotes
the derivative with respect to �, Mpl = (8⇡G)�1/2 is the reduced
Planck mass, and V is the potential. The evolution during the
stage of quasi-exponential expansion, when the scalar field rolls
slowly down the potential, can be approximated by neglecting
the second time derivative in Eq. 1 and the kinetic energy term
in Eq. 2, so that

3H(t)�̇(t) ⇡ �V� , (3)

H2 ⇡ V(�)
3Mpl

2 . (4)

Necessary conditions for the slow-roll described above are ✏V ⌧
1 and |⌘V | ⌧ 1, where the slow-roll parameters ✏V and ⌘V are

defined as

✏V =
M2

plV
2
�

2V2 , (5)

⌘V =
M2

plV��
V

. (6)

An analogous hierarchy of parameters, called the Hubble
flow function (HFF) slow-roll parameters, measures instead the
deviation from an exact exponential expansion. This hierarchy
is defined as ✏1 = �Ḣ/H2, ✏i+1 ⌘ ✏̇i/(H✏i), with i � 1. By using
Eq. 3, we have that ✏1 ⇡ ✏V , ✏2 ⇡ �2⌘V + 4✏V .

2.2. Quantum generation of fluctuations

Without quantum fluctuations, inflationary theory would fail.
Classically, any initial spatial curvature or gradients in the scalar
field, as well any inhomogeneities in other fields, would rapidly
decay away during the quasi-exponential expansion. The result-
ing Universe would be too homogeneous and isotropic compared
with observations. Quantum fluctuations must exist in order to
satisfy the uncertainty relations that follow from the canonical
commutation relations of quantum field theory. The quantum
fluctuations in the inflaton, and in the transverse and traceless
parts of the metric, are amplified by the nearly exponential ex-
pansion, yielding the scalar and tensor primordial power spectra,
respectively.

Many essentially equivalent approaches to quantizing the
linearized cosmological fluctuations can be found in the origi-
nal literature (see, e.g., Mukhanov & Chibisov, 1981; Hawking,
1982; Guth & Pi, 1982; Starobinsky, 1982; Bardeen et al., 1983).
A simple formalism, which we shall follow here, was intro-
duced by Mukhanov (1988); Mukhanov et al. (1992) and Sasaki
(1986). In this approach a gauge-invariant inflaton fluctuation Q
is constructed and canonically quantized. This gauge-invariant
variable Q is the inflaton fluctuation ��(t, x) in the uniform cur-
vature gauge. The mode function of the inflaton fluctuations
��(t, x) obeys the evolution equation

(a��k)00 +
 

k2 � z00

z

!

(a��k) = 0, (7)

Provides mechanism to source primordial fluctuations.

excerpt from
PLANCK XXII
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Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

⇤CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

�2� lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ⇤CDM+r model from Planck combined with other data sets.
The constraints are given at the pivot scale k⇤ = 0.002 Mpc�1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

reheating priors allowing N⇤ < 50 could reconcile this model
with the Planck data.

Exponential potential and power law inflation

Inflation with an exponential potential

V(�) = ⇤4 exp
 

�� �
Mpl

!

(35)

is called power law inflation (Lucchin & Matarrese, 1985),
because the exact solution for the scale factor is given by
a(t) / t2/�2 . This model is incomplete, since inflation would
not end without an additional mechanism to stop it. Assuming
such a mechanism exists and leaves predictions for cosmo-
logical perturbations unmodified, this class of models predicts
r = �8(ns � 1) and is now outside the joint 99.7% CL contour.

Inverse power law potential

Intermediate models (Barrow, 1990; Muslimov, 1990) with in-
verse power law potentials

V(�) = ⇤4
 

�

Mpl

!��
(36)

lead to inflation with a(t) / exp(At f ), with A > 0 and 0 < f < 1,
where f = 4/(4 + �) and � > 0. In intermediate inflation there
is no natural end to inflation, but if the exit mechanism leaves
the inflationary predictions on cosmological perturbations un-
modified, this class of models predicts r ⇡ �8�(ns � 1)/(� � 2)
(Barrow & Liddle, 1993). It is disfavoured, being outside the
joint 95% CL contour for any �.

Hill-top models

In another interesting class of potentials, the inflaton rolls away
from an unstable equilibrium as in the first new inflationary mod-
els (Albrecht & Steinhardt, 1982; Linde, 1982). We consider

V(�) ⇡ ⇤4
 

1 � �
p

µp + ...

!

, (37)

where the ellipsis indicates higher order terms negligible during
inflation, but needed to ensure the positiveness of the potential
later on. An exponent of p = 2 is allowed only as a large field
inflationary model and predicts ns � 1 ⇡ �4M2

pl/µ
2 + 3r/8 and

r ⇡ 32�2⇤M2
pl/µ

4. This potential leads to predictions in agree-
ment with Planck+WP+BAO joint 95% CL contours for super-
Planckian values of µ, i.e., µ & 9 Mpl.

Models with p � 3 predict ns � 1 ⇡ �(2/N)(p � 1)/(p � 2)
when r ⇠ 0. The hill-top potential with p = 3 lies outside the

What Planck tells us

.
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and (CDM or neutrino) isocurvature modes have the freedom to
lower the Sachs-Wolfe plateau relative to the high-` spectrum,
and reduce the effective �2

e↵ by more than four.
The simplest inflationary models have passed an exact-

ing test with the Planck data. The full mission data includ-
ing Planck’s polarization measurements will help answer fur-
ther fundamental questions, including the possibilities for non-
smooth power spectra, the energy scale of inflation, and exten-
sions to more complex models.
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Planck about inflation
The  CMB  spectrum  measured  by  the  Planck  satellite  points  to  a  perfectly  boring
universe:  the  vanilla  ΛCDM  cosmological  model,  no  hint  of  new  light  degrees  of  freedom
beyond  the  standard  model,  no  hint  of  larger-­than-­expected  neutrino  masses,  etc.  
However  at  the  quantitative  level  things  are  a  bit  more  interesting,  as  Planck  has
considerably  narrowed  down  the  parameter  space  of  inflation.  We  may  not  be  far  from
selecting  a  small  class  out  the  huge  zoo  of  inflationary  models.  

Simplest  models  of  inflation  involve  a  scalar  field  with
a  potential.  During  inflation,  the  value  of  the  scalar
field  is  such  that  the  potential  is  large  and  positive,
effectively  acting  as  a  cosmological  constant  that
supports  a  faster-­than-­light  expansion  of  the
universe.  The  potential  should  be  almost  but  not
exactly  flat,  so  that  the  scalar  field  slowly  creeps
down  the  potential  slope;;  once  it  falls  into  the
minimum  inflation  ends  and  the  modern  history  begins.  Clearly,    that  sounds  like  a
spherical  cow  model  rather  than  a  fundamental  picture.  However,  the    single-­field  slow-­
roll  inflation  works  surprisingly  well  at  the  quantitative  level.  There  is  no  sign  of
isocurvature  perturbations  that  would  point  to  a  more  complicated  inflaton  sector.    There
is  no  sign  of  running  of  the  spectral  index  that  would  point  to  departures  from  the  slow-­roll
conditions.      There  is  no  sign  of    non-­gaussianities,  that  would  point  to  large  self-­
interactions  of  the  inflaton  field.  There  is  no  sign  of  wiggles  in  the  CMB  spectrum  that
would  point  to  some  violent  events  happening  during  inflation.    One  can  say  that  the  slow-­
roll  inflation  is  like  a  spherical  cow  model  that  correctly  predicts  not  only  the  milk  yield,  but
also  the  density,  hue,  creaminess,  and  even  the  timbre  of  moo  the  cow  makes  when  it's
being  milked.      

Let's  look  into  more  details  of  the  slow-­roll  inflation.
Assuming  the  standard  kinetic  term  for  the  inflaton
field  φ,  the  model  is  completely  characterized  by
the  scalar  potential  V(φ).  The  important  parameters
are  the  first  and  second  derivatives  of  the  potential
at  the  time  when  the  observable  density
fluctuations  are  generated.    Up  to  normalization,
these  derivatives  are  the  slow-­roll  parameters  ε
and  η  (see  the  equation  box  for  a  precise
definition).  Both  have  to  be  much  smaller  than  1,  otherwise  the  inflaton  field  evolves  too
quickly  to  support  inflation.  Several  observables  measured  by  Planck  depend  primarily  on
ε  and  η.  In  particular,  the  spectral  index,  which  measures  the  departure  of  the  primordial
density  fluctuation  spectrum  from  scale  invariance,  is  given  by    ns  -­  1=2η-­6ε.  Since  Planck
measured  ns=0.9603±0.0073,  we  know  the  order  of  magnitude  of  the  slow-­roll
parameters:  either  ε  or  η  or  both  have  to  be  of  order  0.01.    

Another  important  observable  that  depends  on  the  slow  roll  parameters  is  the  tensor-­to-­
scalar  ratio  r.  The  system  of  an  inflaton  coupled  to  gravity    has  3  physical  degrees  of
freedom:  the  scalar  mode  linked  to  curvature  perturbations,  and  the  tensor  mode
corresponding  to  gravitational  waves.  The  scalar  mode  was  detected  in  a  distant  past  by
the  COBE  satellite  and  its  amplitude  As  is  of  order  10^-­10.  The  tensor  mode  has  not  been
detected  so  far.    From  the  box  you  see  that  the  amplitude  At  of  the  tensor  mode    is
directly  sensitive  to  the  value  of  the  inflaton  potential,  and  for  the  slow-­roll  inflation  it  is
expected  to  be  somewhat  smaller  than  As.    In  fact,  the  relative  amplitude  of  tensor  and
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Posted  in  The  Universe  and  Stuff  with  tags  arXiv:1303.5084,  Cosmology,
European  Space  Agency,  Gaussian  fluctuations,  Inflation,  metric
perturbations,  Planck,  Planck  Satellite,  slow-­rolling  on  April  7,  2013  by
telescoper

A  combination  of  circumstances  –  including  being  a  bit  poorly  –  has  made
me  rather  late  in  getting  around  to  reading  the  papers  released  by  the
Planck  consortium  a  couple  of  weeks  ago.  I’ve  had  a  bit  of  time  this  Sunday
so  I  decided  to  have  a  look.  Naturally  I  went  straight  for,  er,  paper  No.  24,
which  you  can  find  on  the  arXiv,  here.

I  picked  this  one  to  start  with  because  it’s  about  primordial  non-­
Gaussianity.  This  is  an  important  topic  because  the  simplest  theories  of
cosmological  inflation  predict  the  generation  of  small-­amplitude
irregularities  in  the  early  Universe  that  form  a  statistically  homogeneous
and  isotropic  Gaussian  random  field.  This  means  that  the  perturbations
(usually  defined  in  terms  of  departures  of  the  metric  from  a  pure
Robertson-­Walker  form)  are  defined  by  probability  distributions  which  are
invariant  under  translations  and  rotations  in  3D  space.

In  a  nutshell,  such  perturbations  arise  quite  simply  in  inflationary
cosmology  as  zero-­point  oscillations  of  a  scalar  quantum  field,  in  a  very
similar  way  the  Gaussian  distributions  that  arise  from  the  quantized
harmonic  oscillator.  Assuming  the  fluctuations  are  small  in  amplitude  the
scalar  field  evolves  according  to

which  is  similar  to  that  describing  a  ball  rolling  down  a  potential   ,

under  the  action  of  a  force  given  by  the  derivative   ,  opposed  by  a

“frictional”  force  depending  on  the  ball’s  speed;;  in  the  inflationary  context

the  frictional  force  depends  on  the  expansion  rate   .  If  the  slope

of  the  potential  is  relatively  shallow  then  there  is  a  slow-­rolling  regime
during  which  the  kinetic  energy  of  the  field  is  negligible  compared  to  its

potential  energy;;  the  term  in     then  becomes  negligible  in  the  above

equation.  The  universe  then  enters  a  near-­exponential  phase  of  expansion,

during  which  the  small  Gaussian  quantum  fluctuations  in     become

Gaussian  classical  metric  perturbations.
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... so the upper limit on the level of non-Gaussianity allowed
by Planck really is minuscule. This is one of the reasons why some people 
have described the best-fitting model emerging from Planck as the 
Maximally Boring Universe...
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... so the upper limit on the level of non-Gaussianity allowed
by Planck really is minuscule. This is one of the reasons why some people 
have described the best-fitting model emerging from Planck as the 
Maximally Boring Universe...
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Conceptual Question 1

Occam’s view : Less parameters = simple model 
of inflation.

Wilsonian view : Fundamental theory like string 
theory predicts lots of light degrees of freedom 
(e.g. scalars) = complicated model of inflation

V.S.

Can we ever construct a Unique model of 
Inflation?
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Wilsonian view : Fundamental theory like string 
theory predicts lots of light degrees of freedom 
(e.g. scalars) = complicated model of inflation

V.S.

Can we ever construct a Unique model of 
Inflation?

Our Hope :
More data 
+ Bayes 
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Reality :(

We want to embed Inflation in a UV theory, so 
this makes things harder.

Thursday, September 19, 13



What Next?
• Data Mining : Lots of data to be analyze 

still. Hidden features in the data? Non scale-
invariant type non-Gaussianities? Cross-
correlations with other data sets?

• Planck compatible model building : See 
John’s Talk!

• Start looking for other probes : 
Gravitational Waves, 21 cm lines, B modes.

• Figure out Reheating

Thursday, September 19, 13



Directly detected SGW :
the next CMB?

Stochastic Gravitational Waves from preheating4

LISA

Adv LIGO

BBO
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FIG. 2: We sketch the gravitational wave spectra obtained for the lowest and highest energy models computed here, relative
to that of the Advanced LIGO goal, and the proposed LISA and BBO experiments. We see that inflationary models with lower
energy scale may lead to a signal which is visible at LIGO scales if the sensitivity of LIGO is further improved, and with BBO.
The tensor background generated by quantum fluctuations during GUT scale inflation is shown by the solid horizontal line.
The dashed lines denote the inferred k3 tails. The spectra generated by the inflationary scenarios considered in [5, 15] roughly
overlap with the 1015 GeV spectrum depicted above.
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Low scale inflation is good for observability

peak amplitude ⌦gwh
2 < 10�6

Bound does not depend on scale of inflation (i.e. universal)

(Amin and Lim, in prep)
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peak amplitude ⌦gwh
2 < 10�6 (Amin and Lim, in prep)

Bound does not depend on scale of inflation (i.e. universal)
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Conceptual Question 2
Does Inflation solve the Cosmological

Problems?PHYSICAL REVIEW D VOLUME 23, NUMBER 2 15 JAN UAR Y 1981

Infiationary universe: A possible solution to the horizon and fiatness problems

Alan H. Guth*
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

(Received 11 August 1980)

The standard model of hot big-bang cosmology requires initial conditions which are problematic in two ways: (1)
The early universe is assumed to be highly homogeneous, in spite of the fact that separated regions were causally
disconnected (horizon problem); and (2) the initial value of the Hubble constant must be fine tuned to extraordinary
accuracy to produce a universe as flat (i.e., near critical mass density) as the one we see today (flatness problem).
These problems would disappear if, in its early history, the universe supercooled to temperatures 28 or more orders
of magnitude below the critical temperature for some phase transition. A huge expansion factor would then result
from a period of exponential growth, and the entropy of the universe would be multiplied by a huge factor when the
latent heat is released. Such a scenario is completely natural in the context of grand unified models of elementary-
particle interactions. In such models, the supercooling is also relevant to the problem of monopole suppression.
Unfortunately, the scenario seems to lead to some unacceptable consequences, so modifications must be sought.

I. INTRODUCTION: THE HORIZON AND FLATNESS
PROBLEMS

The standard model of hot big-bang cosmology
relies on the assumption of initial conditions which
are very puzzling in two ways which I will explain
below. The purpose of this paper is to suggest a
modified scenario which avoids both of these puz-
zles.
By "standard model, " I refer to an adiabatically

expanding radiation- dominated universe described
by a Robertson-%alker metric. Details will be
given in Sec. II.
Before explaining the puzzles, I would first like

to clarify my notion of "initial conditions. " The
standard model has a singularity which is conven-
tionally taken to be at time t =0. As t -0, the
temperature T—~. Thus, no initial-value prob-
lem can be defined at t=0. However, when T is
of the order of the Planck mass (Mz, —=I/~6=1. 22
&&10~~ GeV)' or greater, the equations of the stan-
dard model are undoubtedly meaningless, since
quantum gravitational effects are expected to be-
come essential. Thus, within the scope of our
knowl, edge, it is sensible to begin the hot big-bang
scenario at some temperature To which is com-
fortably below Mp, let us say To——10"GeV. At
this time one can take the description of the uni-
verse as a set of initial conditions, and the equa-
tions of motion then describe the subsequent evolu-
tion. Of course, the equation of state for matter
at these temperatures is not really known, but one
can make various hypotheses and pursue the con-
sequences.
In the standard model, the initial universe is

taken to be homogeneous and isotropic, and filled
with a gas of effectively massless particles in
thermal equilibrium at temperature To. The ini-
tial value of the Hubble expansion "constant" H is
taken to be Ho, and the model universe is then

completely described.
Now I can explain the puzzles. The first is the

well-known horizon problem. 2 The initial uni-
verse is assumed to be homogeneous, yet it con-
sists of at least -10" separate regions which are
causally disconnected (i. e. , these regions have
not yet had time to communicate with each other
via light signals). ' (The precise assumptions
which lead to these numbers will be spelled out in
Sec. II. ) Thus, one must assume that the forces
which created these initial conditions were capable
of violating causality.
The second puzzle is the flatness problem. This

puzzle seems to be much less celebrated than the
first, but it has been stressed by Dicke and Pee-
bles. I feel that it is of comparable importance
to the first. It is known that the energy density p
of the universe today is near the critical value p„
(corresponding to the borderline between an open
and closed universe). One can safely assume that~

0. 01 & Q& ( 10,
where

0—=p/p„= (8w/3)Gp/H2,

and the subscript p denotes the value at the present
time. Although these bounds do not appear at first
sight to be remarkably stringent, they, in fact,
have powerful implications. The key point is that
the condition 0=1 is unstable. Furthermore, the
only time scale which appears in the equations for
a radiation-dominated universe is the Planck time,
1/I„=5. 4 && 10 sec. A typical closed universe
will reach its maximum size on the order of this
time scale, while a typical open universe will
dwindle to a value of p much less than p„. A uni-
verse can survive -10' years only by extreme fine
tuning of the initial values of p and H, so that p is
very near p„. For the initial conditions taken at
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Why Initial Conditions are set up such that we are 
spatially flat, homogenous and isotropic? Seems “fine tuned” and 

implausible.

Inflation “solves” this by a dynamical mechanism
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The Blind Dart-thrower

Today, roughly isotropic/homogenous/flat =
 “we are in a low entropy state”

High/Low Entropy = Messy/Special State

R. Wald (2005), R. Penrose (1979)

“Inflation requires an even more highly implausible 
initial conditions than without inflation”

By 2nd law of Thermodynamics (assuming ergodicity etc), we 
must be in an even lower entropy state at the beginning.
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Today, roughly isotropic/homogenous/flat =
 “we are in a low entropy state”

High/Low Entropy = Messy/Special State

R. Wald (2005), R. Penrose (1979)

“Inflation requires an even more highly implausible 
initial conditions than without inflation”

By 2nd law of Thermodynamics (assuming ergodicity etc), we 
must be in an even lower entropy state at the beginning.

Initial Condition “Board”
Blind and unskilled
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The Blind Dart-thrower

Today, roughly isotropic/homogenous/flat =
 “we are in a low entropy state”

High/Low Entropy = Messy/Special State

R. Wald (2005), R. Penrose (1979)

“Inflation requires an even more highly implausible 
initial conditions than without inflation”

By 2nd law of Thermodynamics (assuming ergodicity etc), we 
must be in an even lower entropy state at the beginning.

Inflation : universe starts in some completely random state, 
but some dynamical mechanism drives some portion of it to 

some special state (ours)

Initial Condition “Board”
Blind and unskilled

Creator
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The Blind Dart-thrower
R. Wald (2005), R. Penrose (1979)

To inflate, some portion of the initial surface must be 
sufficiently “tuned” (e.g. the scalar field lying ontop of the 

potential hill)

Highly unlikely, but initial surface is infinite, so Probability = 1 !

initial condition dartboard

inflatable patch
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The Blind Dart-thrower
R. Wald (2005), R. Penrose (1979)

To inflate, some portion of the initial surface must be 
sufficiently “tuned” (e.g. the scalar field lying ontop of the 

potential hill)

Highly unlikely, but initial surface is infinite, so Probability = 1 !

initial condition dartboard

inflatable patch

The problem is not whether we can inflate, the question is how 
more likely do we live in such a patch compared to just one that 

has the right initial conditions by chance (without inflation).

But Probability of us “by chance” living in a patch which leads 
to our observable universe without inflation is also 1 !!

“lucky” patch
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The Blind Dart-thrower
R. Wald (2005), R. Penrose (1979)

How do we compare probabilities?? 
Need to understand (1) Role of the quantum mechanical 

observers (2) quantum gravity notion of entropy 

Some Dirty Words :  
“Anthropic” Principle, Measure problem,  Arrow of time 

problem etc. (they are really the same “problem”)
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The Blind Dart-thrower
R. Wald (2005), R. Penrose (1979)

How do we compare probabilities?? 
Need to understand (1) Role of the quantum mechanical 

observers (2) quantum gravity notion of entropy 

Some Dirty Words :  
“Anthropic” Principle, Measure problem,  Arrow of time 

problem etc. (they are really the same “problem”)

Is this Science? If you invoke Inflation, you’ve already used the 
“Probability” argument.
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Summary

• Vanilla Inflation is a great fit to Planck (hard 
to make progress without additional info)

• Need more probes to guide our 
understanding of the inflationary 
mechanism from string theory

• Inflation still faces challenging conceptual 
issues.  (Don’t be turned off by dirty 
words.)
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