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Expanding Universe 

2 

at time t1 galaxy  
separation is r a(t1) 

at time t2 galaxy  
separation is r a(t2) 

•  r = comoving separation 
•  a(t) = scale factor 
•  Galaxy size determined by gravity (not affected by expansion) 
•  a(t2)/a(t1)  = λ2/λ1  = 1+z, where z = redshift 



Expanding Universe 

3 

at time t1 galaxy  
separation is r a(t1) 

at time t2 galaxy  
separation is r a(t2) 

Today H(t0) ≈70 km/s/Mpc 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Today’s 
Hubble 
parameter 

k = curvature 
ρ = density 
Λ = cosmol. constant 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Today’s 
Hubble 
parameter 

< 10−3  for z < 2  

k = curvature 
ρ = density 
Λ = cosmol. constant 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Expanding Universe Basics 
H(z)2 = H0

2 Σi Ωi (1+z)3(1+w)     

Source of 
expansion w 

Evolution 
with z 

Ω at 
z=0 

Matter (dark, 
baryon, relic ν) 

v2/c2 ~ 0 ΩM(1+z)3 0.3 

Radiation (CMB) +1/3 Ωγ(1+z)4 ~ 10-5 

Cosmological 
constant (?) 

－1 ΩΛ =  
constant 

0.7 

Curvature －1/3 Ωk(1+z)2   < few % 
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Expanding Universe Basics 
H(z)2 = H0

2 Σi Ωi (1+z)3(1+w) 

Note: ‘w’ refers to DE since other w are well known.     

Source of 
expansion w 

Evolution 
with z 

Ω at 
z=0 

Matter (dark, 
baryon, relic ν) 

v2/c2 ~ 0 ΩM(1+z)3 0.3 

Radiation (CMB) +1/3 Ωγ(1+z)4 ~ 10-5 

Cosmological 
constant (?) 

－1 ΩΛ =  
constant 

0.7 

Curvature －1/3 Ωk(1+z)2   < few % 
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a = (1+z)‐1 = cosmic scale factor 

time 



10 



11 



12 

Absolute 
luminosity 
of source 

Proper 
motion 
distance 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Absolute 
luminosity 
of source 

Proper 
motion 
distance 

time   energy
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Hubble diagram:  μ vs. redshift 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Hubble Diagram Basics 

Definition: 

Distance  
modulus 
versus  
redshift 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Discovery of 
dark energy: 
distant SNe 
are 0.2 mag 
dimmer than 
expected 
(ΩM=0.3   ΩΛ=0) 

Hubble Diagram Basics 



Expansion history 
depends on 
w, ΩΛ and  ΩM 

Hubble Diagram Basics 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Expansion history 
depends on 
w, ΩΛ and  ΩM 

What we  
measure 
with SNe 

… relative to 
empty universe 

Flux  ∝  L /4πDL
2. 

DL = (1+z)∫dz/H(z,ΩM,ΩΛ,w)   
for flat universe. 
Distance modulus: µ=5log(DL/10pc) 

Hubble Diagram Basics 

18 



19 

Hubble Diagram Basics 

Expansion history 
depends on 
w, ΩΛ and  ΩM 

What we  
measure 
with SNe 

… relative to 
empty universe 



20 

SN Ia Hubble Diagram 

Conley 2011 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•  ρΛ = 10‐29 g/cm3  everywhere. 
•  Earth volume contains 0.01g of dark energy. 
•  Assuming constant orbital velocity,  
     dark energy decreases distance from sun by  
     0.14 Å  for Earth and 11 ‐ 90 µm  for Pluto 
•  Gravity and dark energy roughly cancel for Milky‐Way and 

Andromeda galaxies (but galaxy‐cluster gravity wins) 
•  ΩΛ = 0.7 today 
•  ΩΛ/ΩM ~ 2.3 today  (compare Ωγ/ΩM  < 10‐4). 
•  ΩΛ = ΩM  at z=0.3 (3‐4 billion years ago, assumes w=‐1). 
•  Undetectable in terrestrial experiments (so far). 
•  Nobody knows what dark energy (or dark matter) is. 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•  ρΛ = 10‐29 g/cm3  everywhere. 

•  Earth volume contains 0.01g of dark energy. 
•  Assuming constant orbital velocity,  

     dark energy decreases distance from sun by  
     0.14 Å  for Earth and 10 ‐ 90 µm  for Pluto 

•  Gravity and dark energy roughly cancel for Milky‐Way and 
Andromeda galaxies (but galaxy‐cluster gravity wins) 

Exercise: 
verify the 
numbers 

Exercise clue:  ρeff = −Λ/(4πG) 
If we change the constant velocity assumption 
to constant orbital period, show that the change 
in radius is ×3 smaller. 



Understanding Expansion 
History is Tricky 

something 
in our solar 
system 
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Understanding Expansion 
History is Tricky 

something 
in our solar 
system 
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w‐sensitivity with SNIa distances 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w‐sensitivity with SNIa distances 

SDSS 

SNLS, ESSENCE 
PS1, DES … 

w = –0.9 gives  
4% variation  
from w = –1  

redshift  27 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