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ASTR/PHYS 4080: 
Intro to Cosmology


Week 10

HW 8 due Thursday 
Midterm 2 next Tuesday! 

Today: 
Finish BB Nucleosynthesis (Ch. 9) 

Start Inflation (Ch. 10)
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Successes of the Hot Big Bang Model
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Consists of:

•General relativity

•Cosmological principle

•Known atomic/nuclear/particle 

physics

Explains:

•dark night sky

•Hubble expansion

•age of the universe

•CMB (existence + blackbody 

spectrum)

• light element abundances

•… much more!

• successful theory supported by observation

•clear understanding of what happened from 

t~1s to t~13.7Gyr ~4x1017s

•may speculate what happened as early as 

Planck time (t~10-43 s) based on known physics
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“Problems” with the Hot Big Bang Model
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Unable to explain 
• baryon asymmetry (Extension of particle physics)

• horizon problem (Why so homogeneous)

• flatness problem (Why so flat)

•monopole problem (Why so rare)

• small scale inhomogeneities (What gives rise to it? 

the origin of irregularities)

•… probably more stuff
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Lack a Complete Theory: these are clues…
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The problems and the need for extension

•NOT a demonstrable failure to fit observation by 

standard model

•BUT its incomplete explanatory power

•or perhaps unsatisfying

Analogy - particle standard model

• successful, but unable to explain particle 

mass spectrum, dark matter, dark energy, ...

• extension(s): SUSY, String Theory, TOE, ...

Extension to standard big bang model:  
INFLATION
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Flatness Problem
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Friedmann Equation:

Observed:

(Why is the curvature so fine-tuned?)
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Horizon Problem
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(How can the universe be homogeneous and isotropic on the largest scales?)
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Monopole Problem
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(Where are all the topological defects, like magnetic monopoles and cosmic strings?)

At larger energies, “fundamental” forces unify 
or equivalently, as energy decreases a phase transition occurs causing a break in symmetry
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Topological Defects
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Monopoles are predicted by GUTs, expect 1 per 
horizon zone (causally-connected volumes when the 

phase transition occurred)
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Inflation to the Rescue!
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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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ticular, they are simultaneously at the same tem-
perature.
(ii) The flatness problem. For a fixed initial

temperature, the initial value of the Hubble "con-
stant" must be fine tuned to extraordinary accura-
cy to produce a universe which is as flat as the one
we observe.
Both of these problems would disappear if the

universe supercooled by 28 or more orders of
magnitude below the critical temperature for some
phase transition. (Under such circumstances, the
universe would be growing exponentially in time. )
However, the random formation of bubbles of the
new phase seems to lead to a much too inhomoge-
neous universe.
The inhomogeneity problem would be solved if

one couM avoid the assumption that the nucleation
rate X(t) approaches a small constant Xp as the
temperature T -0. If, instead, the nucleation
rate rose sharply at some T&, then bubbles of an
approximately uniform size would suddenly fill
space as T fell to T&. Of course, the full advant-
age of the inflationary scenario is achieved only if
T, &10 "T,.
Recently Witten has suggested that the above

chain of events may in fact occur if the parameters
of the SU5 Higgs field potential are chosen to obey
the Coleman-Weinberg condition4P (i. e. , that O'V/
8&fP=O at /=0). Witten has studied this possi-
bility in detail for the case of the Weinberg-Salam
ph3se transition. Here he finds that thermal tun-
neling is totally ineffective, but instead the phase
transition is driven when the temperature of the
@CD chiral-symmetry-breaking phase transition
is reached. For the SU, case, one can hope that a
much larger amount of supercooling will be found;
however, it is difficult to see how 28 orders of
magnitude could arise.
Another physical effect which has so far been left

out of the analysis is the production of particles
due to the changing gravitational metric. 2 This
effect may become important in an exponentially
expanding universe at low temperatures.
In conclusion, the inflationary scenario seems

like a natural and simple way to eliminate both the
horizon and the flatness problems. I am publishing
this paper in the hope that it will highlight the ex-
istence of these problems and encourage others to
find- some way to avoid the undesirable features of
the inflationary scenario.
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APPENDIX: REMARKS ON THE FLATNESS
PROBLEM

This appendix is added in the hope that some
skeptics can be convinced that the flatness problem
is real. Some physicists would rebut the argument
given in Sec. I by insisting that the equations might
make sense all the way back to t=0. Then if one
fixes the value of II corresponding to some arbi-
trary temperature T„one always finds that when
the equations are extrapolated backboard in time,
Q -1 as t -0. Thus, they would argue, it is na-
tural for 0 to be very nearly equal to 1 at early
times. For physicists who take this point of view,
the flatness problem must be restated in other
terms. Since Hz and Tz have no significance, the
model universe must be specified by its conserved
quantities. In fact, the model universe is com-
pletely specified by the dimensionless constant &

=—Ip/R2T2, where k and R are parameters of the
Robertson-Walker metric, Eq. (2. 1). For our
universe, one must take lel &3&10~ . The prob-
lem then is the to explain why le l should have such
a startlingly small value.
Some physicists also take the point of view that

e=—0 is plausible enough, so to them there is no
problem. To these physicists I point out that the
universe is certainly not described exactly by a
Robertson-Walker metric. Thus it is difficult to
imagine any physical principle which would require
a parameter of that metric to be exactly equal to
zero.
In the end, I must admit that questions of plausi-

bility are not logically determinable and depend
somewhat on intuition. Thus I am sure that some
physicists will remain unconvinced that there real-
ly is a flatness problem. However, I am also sure
that many physicists agree with me that the flatness
of the universe is a peculiar situation which at
some point will admit a physical explanation.
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A period of exponential expansion BEFORE the 
Big Bang
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Solves the Flatness Problem
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Solves the Horizon and Monopole Problems
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Inflation needs finely-tuned properties to work
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Primordial Density Fluctuations from Inflation
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• isentropic/adiabatic fluctuation, equal 
fluctuation in all forms of energy 
(photons, neutrinos, DM, baryons)      
⇒ perturbation to spacetime curvature

•quantum fluctuation (of a weakly 

coupled field)                                      
⇒ Gaussian fluctuation

• distribution of fluctuation in space P(δ), 
Gaussian

• joint distribution P(δ1,δ2, ... ,δn) at points 
x1, x2, ..., xn, multi-variate Gaussian
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Inflation:

Extension to the Standard Big Bang Theory
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•solved horizon, flatness, monopole problems

•predicted flat space (observation✓) 

•predicted nearly scale-invariant spectrum of adiabatic 
Gaussian primordial fluctuations (observation✓) 


•V(ɸ) fine-tuned?  alternative models (e.g., cyclic model)

•further tests to differentiate models

•non-gaussianity 

•primordial gravitational waves (effect on CMB polarization)


fluctuation power spectrum    -  V(ɸ) shape

primordial gravitational waves -  V(ɸ) amplitude


