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Lecture 20 : An inventory of our 
Universe… Discovery of the Dark Side 

 Direct measure of geometry from CMB 
 Our Universe is flat… Ω=1 

 An inventory of the matter 
 Discovery of Dark Matter! 

 Discovery of cosmic acceleration 
 Discovery of Dark Energy! 

 Concordance cosmology 
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I : WHAT IS THE GEOMETRY OF OUR 
UNIVERSE? 

  Recall that universe with different curvature has 
different geometric properties 

  Adding up the angles in a triangle, 
  Flat universe: angles sum to 180° 
  Spherical universe: angles sum to >180° 
  Hyperbolic universe: angles sum to <180° 

  Similarly, for a known length L at a given distance 
D, the angular size on the sky varies depending on 
the curvature of space 
  Flat universe: angular size θ = L/D 
  Spherical universe: angular size θ > L/D 
  Hyperbolic universe: angular size θ < L/D 
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Graphics: NASA WMAP project 
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Curvature affects apparent size or field of view 
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Nature’s triangles: 
Angular size of fluctuations in the CMB 
  Remember the cosmic 

microwave background and 
its fluctuations? 

  These fluctuations are 
sound waves whose “image” 
is frozen into the CMB when 
the Universe became 
transparent 380,000 yrs 
after the big bang 
  Average scale of fluctuations 

L is known from sound wave 
theory 

  Distance D to this “surface of 
last scattering” is also known 

Graphics: NASA WMAP project 
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Earth 
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Nature has drawn a giant 
triangle for us! 
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A flat universe & new questions! 
 Result: 

 The universe is flat; Ω=1.00±0.01 
 But, our discussion of primordial nucleosynthesis 

revealed that ΩB=0.04 
 We clearly must be missing A LOT of stuff! 

 Two strategies for proceeding: 
 1) We can survey a representative volume of the 

Universe and directly determine the density 
 2) We can map out the “trajectory” of the 

Universe (the time dependence of scale factor R) 
and see whether it really follows that of a Ω=1 
Universe 
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II : Surveying the matter in 
the Universe 

 Stars are the easiest things to see and 
study in our Universe 
 Of course, what we see is the light, and 

what we’re interested in is the mass  
 Need to convert between the two by 

determining the mass-to-light ratio M/L 
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The Sun 

 Msun=2×1030 kg 
 Lsun=4×1026 W 

 Actual numbers not 
very instructive… 

 From now on, we 
will reference mass-
to-light ratios to the 
Sun (Msun/Lsun). 
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Other stars 
 Different types of stars have different mass-

to-light ratios 
 Massive stars have small M/L (they shine brightly 

compared with their mass). 
 Low-mass stars have large M/L (they are very dim 

compared with their mass) 
 Dead stars (white dwarfs, neutron stars, black 

holes have mass but almost no light!) 
 We’re interested in an average M/L 

 Averaging through a galaxy, we get ratios of 
M/L≈3-10 Msun/Lsun 

 So, can add up the visible star light that we 
see in the Universe, and convert to a mass. 
 We get  ΩL≈0.005-0.01 
 Comparing with ΩB=0.036 from nucleosynthesis, 

we see that most baryons cannot be in stars… 
must be in interstellar/intergalactic gas. 

 Searches are on-going to find it! 
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But how can we search for 
matter that we can’t see? 

 Can measure the total mass of a galaxy by...  
 Determining the orbit of stars/gas within the 

galaxy 
 Applying our knowledge of gravity (Newton is 

enough!) to derive a mass from that orbit 
 Simplest for spiral/disk galaxies since stars/gas in 

the disk are executing circular orbits 
 This tells us the mass of ALL matter, irrespective 

of its nature 
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Real measurements 

Velocity stays flat, meaning that the 
“enclosed mass” is still growing right 
out to the visible edge of the galaxy.  
Conclude that there must be much more 
mass than attributed to the stars, and 
that mass must be dark!  Dark Matter. 
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Graphic from John Kormendy (U.Texas) 

Conclude that galaxies are embedded in giant “Dark Matter 
Halos.  Including this in our calculations of the average 
density of matter, we conclude that ΩM≈0.3 with most 
(~80%) of this Non-baryonic Dark Matter 

III : Mapping out the expansion 
history of the Universe 

 We still have a problem…  
 CMB implies flat geometry so Ω=1 (ρ=ρcrit) 
 But we have only accounted for 30% of this stuff.  

Where/what is the rest? 

 Let’s follow our second approach and map 
out the expansion history of the Universe 
 Need to find a powerful standard candle that we 

can see out to great distance! Then… 
 Derive its distance (look-back time) from flux 
 Derive its redshift (change of R) from spectrum 
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Supernovae as standard candles 

 Type-1a supernovae (SN1a) are a particularly 
useful class of exploding star 
 Thermonuclear detonation of a White Dwarf 

(HeFe) caused by the collapse of the star once it 
gets pushed above a critical mass (1.4Msun) 

 SEE DISCUSSION ON BOARD 

 Important things: 
 SN1a are very luminous – can be seen out to high-z 
 SN1a have (approximately) the same luminosity – 

can the determine distance once we measure flux 
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Cosmology with SN1a’s 
  The program: 

  Search for SN1a in distant 
galaxies 

  Compare expected power 
with observed brightness to 
determine distance 

 Measure velocity using 
redshift 

  “Low redshift” galaxies 
give measurement of H0 

  “High redshift” galaxies 
allows you to look for 
changes in rate of 
expansion of universe 



12 

11/19/13 23 

Distant supernova 
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Recall our expectation… 
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Our Universe is accelerating! 

 Discovery of accelerated expansion profound 
 NONE of our simple cosmological models do this… 

gravity always attracts and hence slows down 
expansion 

 Must be some new and strange energy field, Dark 
Energy, that drives expansion 

 Working out how much Dark Energy we need, we 
find ΩΛ≈0.7.  Just what we need to explain 
flatness! 
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