Exploring the Behavior of Some Cosmology Models by Plotting

Their Parameters Given by the Definitions in Section VII.

Plots of Cosmic Density Components, Scale Factor, Recession Velocity, Hubble F actor
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Cosmic Scale Factor and Doubling vs. Time(GYear)
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Hubble Factor and Redshift (z) vs. time(GYear)
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Cosmic Scale Factor, ar, am, a-Lambda vs. Time(sec)
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Plot in GYears

For a radiation-dominated critical density Universe, H) = 1/2t
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Plots of Ratio of Time to HO and the Lookback Time to HO
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Dvynamics of the expansion

To the observer, the evolution of the scale factor is most directly characterized by the change with redshift of the
Hubble parameter and the density parameter; the evolution of H(z) and 2(z) is given immediately by the Friedmann

Equation in the form H? =8 nGp/3 —kc?/R2. Inserting the above dependence of p on @ gives

20v _ g2 -3 —4 2] a
H<(a) = Hj [ﬂi. +Oua "+ Qa " —=(Q=1)a ] H{] —_ i E = H,.'(Hn di = (,1{”.'”_];_‘;
t=1y

This is a crucial equation, which can be used to obtain the Relation between Redshift and Comoving Distance.
The radial equation of motion for a photonis Rdr =c dt = c dR/R;,; = ¢ dR/(RH).
WithR =R, /(1 +z ), this gives

”
Hiz)
—

Hy
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Rpdr =

i
de:

[(1 = Q)1 +2) + Q, + Qu(l +2)* + (1 + 2)*]

This relation is arguably the single most important equation in cosmology.
since it shows how to relate comoving distance to redshift, Hubble constant and density parameter.

The comoving distance determines the apparent brightness of distant objects, and the comoving volume
element determines the numbers of objects that are observed. These aspects of observational cosmology are

discussed in more detail below.
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the redshift dependence of the total density parameter:

Qia)y—1=

0—1

Q+0Q.a?+Q.a ! + Qa2

This last equation is very important.

Lastly, using the expression for H(z) with Q(a) — I = kc?/( H? R?) gives

It tells us that, at high redshift, all model universes apart from those with only vacuum energy will tend to look like

the Q=1 model.

This is not surprising given the form of the Friedmann equation: provided pR 2 — o0 as R — 0, the —kc 2 curvature
term will become negligible at early times.
If Q # 1, then in the distant past €)(z) must have differed from unity by a tiny amount: the density and rate of
expansion needed to have been finely balanced for the universe to expand to the present.

This tuning of the initial conditions is called the flatness problem and is one of the motivations for the applications of
quantum theory to the early universe.

Evolution of the Hubble Factor: Mass Conservation of non-relativistic matter implies p,, «a= =(1+z2)*.

Inthe ACDM model, dark energy is assumed to behave like a cosmological constant: p, = a®=(1+2)° .

The density of radiation (and massless neutrinos) scales as p. « a#=(1+2)* because the number density

of photons is « a3 = (1 + z)? and the mass E/c2 =hv/c? of each photon scales as E « X1 o< (1+2z)! «ca71,

Calculated Values

Zp=0 Dynamical Equation Specifying the Evolution of the Hubble Factor of Qur Universe
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