
Cosmic inflation



Successes of the hot Big Bang paradigm

Explains, quantitatively, several key observations (“four pillars"): 

‣cosmic expansion (Hubble’s law) 
‣cosmic microwave background 
‣ light element abundances (BBN) 
‣ formation of large-scale structure and galaxies 

But basic hot Big Bang has some problems (other than unknown 
nature of dark matter and dark energy!). 

Inflation, proposed by Alan Guth in 1981, is an “add on” very early 
(so it doesn’t spoil BBN) rapid phase of expansion that can solve 
some of these problems



Flatness problem

“The universe is nearly perfectly flat today, and was even flatter in the 
past”

(midterm problem!)

Friedmann eq.

CMB (Planck) dataToday:

Past:

Why so close to flat? Physics equations allow for any value



Assume radiation-dominated to simplify math  
(most orders of magnitude in expansion from a~0 to a=1 occurred during radiation-
dominated era, so if we can solve flatness problem for a radiation-dominated 
universe, we can solve it for our Universe)

Flatness problem (continued)

Small departure from flatness are amplified with time!



Flatness problem (continued)
Consider extremely conservative assumption (i.e., don’t even rely on 
a precise measurement of present-day curvature)

At decoupling (t~360,000 yr ~ 1013 s):

At matter-radiation eq. (t~47,000 yr ~ 1012 s):

At BBN (t~1 s): …

I.e., near flatness today is very likely not a coincidence, because it 
would require extreme fine tuning of conditions in the early universe. 



Horizon problem

“How do regions that appear out of causal contact know about each 
other?”

Information cannot propagate faster than the speed of light. Sound 
waves in baryon-photon plasma propagate at ~c/31/2, so the sound 
horizon decoupling (~1∘ ~ 150 comoving Mpc) is roughly the size of 
regions that were causally connected at last scattering.

Blue to red stretch = 0.0002 K

How can regions 
separated by much larger 
angles on the sky be 
tuned to have the same T 
within ΔT/T~10-5?
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Superhorizon fluctuations exacerbate horizon problem

points separated by more than 
horizon at decoupling are 
statistically correlated



Credit: E. Wright

During inflation, Universe expands much faster than the size of the observable universe 
(red circle). For observers, the Universe becomes indistinguishable from exactly flat.

inflation

The inflationary solution to flatness problem: cartoon



Liddle

The inflationary solution to horizon problem: cartoon

A small thermalized region initially causally connected is blown up to encompass a physical 
size larger than the entire observable universe. Today (and at last scattering) regions 
separated by this size no longer influence each other, but they did before inflation.



The inflationary solution: math
Hypothetical very early phase of cosmic acceleration (similar to late-
time dark energy):

Then,

decreases with time, i.e. inflation will drive 

to arbitrarily high precision for sufficiently large and long-lasting 
acceleration.



Example: exponential inflation

Simplest form is analog of late-time cosmological constant

Inflation must end (e.g., at BBN universe was radiation-dominated) 

Assume end at TE~1014 GeV, the “Grand Unification Theory” (GUT) 
scale. Motivation: in many particle physics-inspired models, inflation 
ends around that T.  

Extrapolating back from t~13.7 Gyr at T~3 K, this corresponds to 
tE~10-34 s.



Example: exponential inflation (continued)

To simplify math as before, assume expansion ~ radiation-dominated 
from end of inflation to today.

During inflation, H~const., so 

If                           before inflation, expansion by a factor ~1027 will 
flatten the universe by the required amount.



Example: exponential inflation (continued)

How many e-folds to solve the horizon problem? 

Today’s observable universe must fit within the comoving horizon at 
the beginning of inflation, i.e.

today beginning of 
inflation

If a~t1/2 between end of inflation and today, 



Example: exponential inflation (continued)

I.e., (aH)-1 must shrink by a factor ~1026 during inflation to solve the 
horizon problem. 

Since H~const., a must increase by a factor ~1026 — about the 
same factor as required to solve the flatness problem 

Minimum number of exponential e-folds: 

Numerically:



Shortly after inflation was proposed, it was shown that it can also 
account for initial perturbations capable of growing into galaxies

and contemporaneous papers by 
‣Mukhanov & Chibisov (1981) 
‣Starobinsky (1982) 
‣Guth & Pi (1982) 
‣Bardeen, Steinhardt, & Turner (1983)

Quantum fluctuations on 
small scales get stretched 
to macroscopic scales



Credit: M. Tegmark

Varying amplitude of primordial power spectrum

ωx≡Ωxh2



Credit: M. Tegmark

Varying spectral index of primordial power spectrum

ωx≡Ωxh2
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The six parameters of the standard ΛCDM cosmological model

Hinshaw+13

amplitude 
and slope of 
primordial 

power 
spectrum
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The six parameters of ΛCDM simultaneously fit a very 
large number of data points, e.g. CMB power spectrum



Conclusion: inflationary ΛCDM cosmology is an 
excellent fit but still much physics to be understood

Planck 2013

‣ Fits diverse observations 

(CMB, SNe, BAOs, light 

elements, gravitational 

lensing, galaxy rotation 

curves, growth of structure, 

…), with up to ~1% 

precision 

‣But all main elements (DE, 

DM, inflation) of unknown 

physical origin!


