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(Above) synopsis of evolution of 
“stuff ” in our universe over 

cosmic time.

(Left) image of the “Bullet Cluster,” 
an important datum on the 

nature of dark matter.

Cosmology
(part II)



Announcement: Your TA Lisa Drummond defends her PhD 
thesis, “Gyroscopes Orbiting Gargantuan Black Holes: Spinning 
Secondaries in Extreme Mass Ratio Inspirals,” tomorrow at 1:30 pm 
(37-252).  We may all be a tad distracted with respect to 8.962 
issues for a little while.
Recap: The universe is homogeneous and isotropic on “large” 
spatial scales; we demand spacetime take a form that reflects this.  
Using properties of maximally symmetric spaces, we deduced that a 
good form of the line element is

The function a(t) takes the value 1 right now; the parameter κ is 
related to k ∊ [-1, 0, 1] by κ = k/(R0)2.

ds2 = − dt2 + a2(t)[ dr2

1 − κr2
+ r2dΩ2]
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Run this through the Einstein field equations with a perfect fluid 
source; the result is known as the Friedmann equations:

Conservation of stress energy leads in addition to the condition

This is nothing more than a cosmological form of dU = –P dV.

ds2 = − dt2 + a2(t)[ dr2

1 − κr2
+ r2dΩ2]
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∂t (ρa3) = − P ∂t (a3)
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Useful definitions:

Using this, the 1st Friedman equation becomes

with the further definition

Also worth re-capping a second form of the line element:

where Sk(χ) = sin(χ) if k = +1 (κ > 0), Sk(χ) = sinh(χ) if k = -1 (κ < 
0), and Sk(χ) = χ)if k = 0 (κ = 0).

ρcrit =
3H2

8πG
, Ω = ρ/ρcrit

Ω − 1 = κ/(H2a2) or Ω + Ωc = 1

Ωc = −
κ

H2a2

ds2 = − dt2 + a2(t)R2
0 [dχ2 + S2

k (χ)dΩ2]
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arXiv:2105.09409, Figure 1
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Note: Ωc refers to “Cold Dark Matter” here, not spatial curvature.

arXiv:2403.15526, Table 25.1



8.962 LECTURE 19

w = w0 + wa(1 - a)

from arXiv:2404.08056


