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Cosmic Acceleration is a central 

feature of the consensus 

cosmology 

 

no cosmic acceleration, no 

consensus cosmology! 
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Einstein & Λ 

• Introduced Λ to save Mach’s 

principle and create a static 

Universe solution 

• His Λ was ¼ present Λ 

• No sense that it was repulsive 

gravity (Λ on the geometry – LHS 

– of equations) 

• Great man, not the predictor of 

cosmic acceleration   







Two Technological Enablers: 

 

1. Large (100 Mpixel) CCD 

Cameras 

2. SNe Ia:  Bright, 

Standardizable Candles 

(1.4 solar mass bomb) 



Discovery! – 1998 

Hi z Supernova Team 

Supernova Cosmology Project 

Mark Philips 



The Discovery Data 

Perlmutter et al, 1999 Riess et al, 1998 



Carl Sagan: 

 

Extraordinary 

Claims Require 

Extraordinary 

Evidence 

Now Certified by Stockholm! 
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Curve = concordance cosmology   Ω0    = 1.005 ± 0.006 

  ΩM   = 0.28 ± 0.015 

only consistent if 

ΩΛ-like = 0.72 ± 0.015 



1000 SNe from:   

the original teams +  

SNLS, ESSENCE, SDSS, 

CfA, CSP, … 

 

More data stronger signal  



SDSS-II Supernova Survey 

~500 Well studied SNe Ia, suitable for framing 







Evidence for past acceleration:  

Important reality check 

HST ACS Sample of high-z SNe:  A. Riess et al, Ap.J 607, 665 (2004) 



Baryon Acoustic Oscillations (BAO):  

Zel’dovich’s Standard Ruler 
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New stand alone evidence for 

cosmic acceleration from 

clusters observed by Chandra 

A.Vikhlinin et al, ApJ 692, 1060 (2009) [arXiv:0812.2720] 

36 Clusters w/<z>~0.55 and 49 w/<z>~0.05 
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Consistent with 

all observations: 

 

ΩΛ = 0.71 ± 0.02 



Consistent Age 



… in any case, the 

extraordinary evidence is 

now in place 



Eddington 

Criterion 



Very elastic 

stuff (p < -ρ/3) 

with repulsive 

gravity is 

called “dark 

energy” 



Test of (ρ  + 3p) Term in 

2nd Friedmann Eqn  

• (ρ  + 3p) powers accelerated expansion 

•  BBN = test of the (ρ  + 3p) term 

•  Neglect 3p (i.e., Newtonian limit) 

– Friedmann Equation becomes:  H2 = 4πGρ/3 

instead of H2 = 8πGρ/3 

–  BBN predictions no longer agree with 

 observations  



Describing Dark Energy 

• Defining feature of dark energy:  large negative 
pressure, smoothly distributed which leads to 
repulsive gravity 

• Described by equation-of-state parameter w 

 
 

 

 

1. Not necessarily constant 

2. Vacuum energy = -1 

3. Quintessence -1 to 1 

4. Ghostly quintessence < -1 (ρDE increases with time) 

5. w = w0 + wa(1 – a) 

w   =   pressure/energy density 

 

ρDE  ~  (1 + z)3(1+w) 



The Gravity of 

Nothing 

Is Repulsive 
 

… But How Much Does 

Nothing Weigh?  

  

Apparently, Way Too Much 

or Possibly Nothing 

 

to be more precise, the 

answer is nonsensical 

(infinite) – not as bad as a 

finite answer that is off by 

orders of magnitude 

ρvac ≈ 3 x 10-11 eV4 



Vacuum Energy Problem Solved 

by Supersymmetry or ? 



Now we have two puzzles: 

 

Why does nothing weighs so little? 

& 

What is dark energy? 

 

Puzzles could be related or unrelated! 





≈ -1 

Theorists:  

When in 

doubt, just 

add a 

scalar field 
≈ -1 









Important 

clue or 

coincidence? 
At the very 

least, we can 

now say that 

cosmology 

is the battle 

between two 

dark titans 



From Here to Eternity 



Cannot Understand Our Cosmic 

Destiny Until We Understand What 

Dark Energy Is! 

In the Presence of Dark 

Energy, a Flat Universe 

Can Expand Forever,  

Re-collapse, or Even 

Experience a Big Rip! 







Youbetcha 

Katie, I believe 

in Dark Energy – 

we can see it 

from Alaska! 

 



Two Big Dark Questions 
 

Does Dark Energy change with time 

(i.e., is dark energy vacuum energy)? 

 

Does Cosmic Acceleration require 

going beyond General Relativity? 

No, at the 10 to 20% level 

Not well tested 



Dark Energy: 

ΩDE = 0.76 ± 0.02 

  w  = -0.94 ± 0.1 

(± 0.1 sys) 

Where We Are Today 



Allow w to vary: 

 

w = w0 + wa(1-a)  

a = scale factor 

ΩDE = 0.76 ± 0.02 

  w0 = -1 ± 0.2 

wa ~ 0 ± 1 

Possible variation is 

not well constrained 

No Reason to Believe w is Constant 



Probing Cosmic Acceleration 

and Dark Energy 

• Primary effect is on the expansion rate 

 

 

 

• Expansion rate controls distances, structure growth   

 

 

• Two Qualitatively Different Probes 
– Geometric:  distances 

– Dynamic: growth of structure  

– NB:  if not GR, changes in growth, lensing 



Distance/volume 

NB:  d(z) = (1+z)r(z) NB:  d2V/dzdΩ = r2/H(z)  



Clusters: 

Cosmic Frogs:  

very sensitive 

to cosmic 

environment 



Dark Energy Survey 

 

49 



Staniszewski et al, astro-

ph/0810.1578 

First Results from 

the  

South Pole 

Telescope 



• BAO:  SDSS/2dF, WiggleZ, FMOS, BOSS HETDEX, 
WFMOS, PAU  EUCLID & JDEM 

• CL:  SZA, SPT, DES, ACT, Chandra  eROSITA 

• SNe: DES, PanSTARRS  LSST, EUCLID & JDEM 

• WL: DES, PanSTARRS  LSST, EUCLID & JDEM 

• CMB et al:  WMAP/ACT/SPT/Planck – cosmological 
degeneracies make many other observations valuable 

 

On the way to few % in w0, 10% in wa, significant tests of 
underlying gravity theory … and deeper understanding of 
dark energy 

Impressive Array of Dark Energy 

Projects on the Horizon 



Mapping out w(z) 



Determining w, wa = dw/dR 
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Lecture 2 “take homes” 

• Cosmic acceleration well established 

• Simplest explanation:  repulsive gravity of quantum vacuum 
energy within General Relativity 

• Two big questions:  1.  Is the simplest hypothesis correct?  
2. Does GR self consistently describe cosmic acceleration? 

• Kinematic (SNeIa, BAO) and dynamic tests (growth of 
structure, WL, clusters) 

• Dark Energy/Cosmic Acceleration may take many decades 
to solve (cf, WIMP decade)  
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eROSITA 2011 



Neutrinos have mass! 

8 ± 0.5 x 10-5 eV2 

2.4 ± 0.1 x 10-3 eV2 

??eV 



The Complicated Universe 

• Matter:  28.5% 

– Baryons:  4.5% 

– Neutrinos:  0.1% 

– CDM:  24% 

• Radiation: 0.01% 

– Photons:  0.005% 

– Neutrinos (for T >> m): 0.68 x photons 

– NB:  ratio determined by simple physics: 

   ρν/ργ = (21/8)[4/11]1/3 

• Dark Energy:  71.5% 



3 Epochs 

3 dimensionless ratios 

• 1 + zDE = [ΩDE/ΩM]1/3 ≈ 1.37 

• 1 + zM = ΩM/ΩR ≈ 3300 

• NB:  1 + zDEC ≈ 1100 ~ [13.6 eV/3 K]/ln (1/η) 

 

• ΩCDM/ΩB ≈ 7 

• ΩB/Ων ~ 40 

• (1 + zM)/(1 + zDEC) ~ 3 

 



• ΩCDM/ΩB ≈ 7 

– Neutralino:  mW
2 ~ 10-6 ε mPL ΛQCD << mPl

2 

– Axion:  fa/mPL~ 10 ε 

• ΩB/Ων ~ 40 

– Neutrinos:  mν  ~ 10-4 ε ΛQCD 

– See-saw:  mGUT ~ 104 mW
2/[ΛQCD ε] >> mW 

• zEQ ~ zDEC: ηln(η-1) ~ 13.6 eV/mN ~ α2 (me/mN) 

 

Some Numerology 
Turner/Carr, MLPA 2, 1 (1987) 



The Complex Universe 

Challenge 

 
Understand the mix! 


