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7.6: Contents of the Universe
If the universe is expanding, then the density will change with time. Furthermore, different components of the universe change their
densities in different ways as the universe expands. These components can be broken into three general categories.

Matter: Matter consists of particles whose mass is much greater than their kinetic energy. Stars, gas, neutrinos, and dark matter
are all considered matter. As the universe expands, the density of matter goes down as the cube of the scale factor (since density
of matter is inversely proportional to volume).

Radiation: Radiation consists of particles whose mass is much less than their total energy. Today this category consists mostly
of photons, but long ago neutrinos were a significant component. The density of radiation is inversely proportional to the fourth
power of the scale factor. This is because, in addition to the effect of a scaling volume, the energy of radiation is also redshifted
as the universe expands.

Dark Energy: Dark energy is something that hasn't been observed, and we don't know what it is. We introduce it as a
component of the universe simply because it is required in order for the Friedmann equation to match current observations.
Unlike matter and radiation, the density of dark energy is constant. As the universe expands, then, the total amount of dark
energy increases.

The sum total of all of these represents the total density. Fig. 7.6.1 shows how each component, along with the total, evolves with
the scale factor. Each component has a time in which it dominates over the others. At first the universe was radiation-dominated,
then matter-dominated, and we are now in the transition point to the dark-energy-dominated regime.

Figure : Evolution of density of different components of the universe as a function of scale factor. The dashed line represents
matter, the dotted line represents radiation, the dash-dot line represents dark energy, and the solid line is the total. (Copyright;
author via source)

In cosmology it is also convenient to define

If the current density is equal to the critical density, then this fraction is equal to 1. Meanwhile,  for an overdense universe
and  for an underdense universe. Combining Eqs. , , , and  allows us to rewrite the Friedmann
Equation (see Box 7.6.1) as
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This is a differential equation for , meaning that if we have values for , , , and , then we can determine .
Current observational experiments have constrained the values to

Notice that the sum is indistinguishable from 1, which implies that the universe either has a flat geometry ( ) or is very close
to having a flat geometry. These numbers also make Equation  impossible to solve by hand, which means that we have to
solve it either numerically or by some other qualitative means. Fortunately, the equation is written in exactly the form needed to
define an effective potential since it contains a kinetic-energy-like term ( ) and a constant ( ). What remains is the effective
potential.

Fig. 7.6.2 depicts a graph of the effective potential given current best estimates of , , and .

Figure : A graph of effective potential for a universe in which , , and . (Copyright; author via
source)

The "total energy" in the effective potential plot shown in Fig. 7.6.2 is a horizontal line at . How are the different possible
universes affected by the overall geometry of the universe? Assume that .

Answer

As usual with effective potential plots, I think it is helpful to imagine placing a marble on the graph and giving it a kick. If 
 or , the horizontal line depicting the "total energy" does not intersect the effective potential plot. This means

that there are no turning points, so the marble will go over the hump and roll down the other side. In terms of the universe,
this corresponds to the scale factor  increasing without limit: an eternally expanding universe. If  is a sufficiently
large positive number, however, then it will intersect the effective potential curve. Using our marble analogy, the marble
would move to the right (corresponding to an increasing scale factor) but then would come to a stop at the turning point and
roll back to the left. This represents a universe that initially expands but then eventually collapses on itself. This is referred
to as the Big Crunch. We don't have to worry about that, however, since experimental observations indicate that .

The lesson from the previous exercise is that it appears as though the universe will expand forever. As objects move farther and
farther away from us, they eventually reach a point at which they are moving away from us faster than the speed of light. At that
point, the light they emit will not be able to reach us, effectively removing them from the observable portion of the universe. As
time goes on, the amount of stuff within the observable portion of the universe will get smaller and smaller. While the idea of a
completely empty night sky may be sad, don't worry; our sun will be long dead by then.
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= 0.27Ωm,0 ≈ 0Ωr,0 = 0.73ΩΛ
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The total density of the universe can be written as the sum of the densities of matter, radiation, and dark energy. Use this along
with Eqs. , , , and  to derive Equation .

While Equation  can't be solved by hand using the current observed values of the densities of each component, it can be
solved in the case that the universe consists of only one of the three components. Here is the process, for example, if the
universe is flat ( ), consists only of radiation ( ), and starts with initial condition .

Repeat this process to solve for  for a flat universe that consists only of matter and for which .

Repeat the process from the previous box to solve for  for a flat universe that consists only of dark energy and for which 
. Why can we not use  in this case? (Explain both mathematically and physically.)
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substitute values into Friedmann Equation

take square root of both sides

put all a's on one side and t's on the other

integrate both sides

evaluate integral

solve for a(t)

a(t) a(0) = 0

 Box 7.6.3
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