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“Prediction of dark energy:” major triumph of theory 
(since 1984, missing piece needed to make 
sense of inflation + CDM paradigm)

“Understanding cosmic acceleration/dark energy:” 
biggest theoretical challenge (since 1998 and 
SNe evidence for cosmic acceleration)

Theory:  Triumph & Opportunity
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• The bulk of the energy in the Universe
• Vacuum energy/cosmological constant problem
• Destiny of the Universe
• Related to Dark Matter, Inflation, Neutrino Mass?
• Connections to SUSY/Superstrings/Extra dimensions?
• Signal of new gravitational physics?
• Hole in the Universe?
• Crack in the Cosmic Egg?
• Narcissistic Principle?

Dark Energy is a profound mystery 
because it touches so many other 

important puzzles
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What We Know 10+ Years On
5 Key Facts



F1:  Expansion is accelerating
• Assumption of RW (no GR) + SNe data  

accelerated expansion





Conclusions from “Friedmannless” 
Analysis of Riess et al Gold Set

• Very strong evidence (5σ)  that Universe once 
accelerated:  q(z) was once negative

• Strong evidence (3σ)  that q(z) was larger in the 
past 

• Evidence (2σ) that Universe decelerated in the 
past

• Universe may not be accelerating today: Model 
with deceleration since z = 0.3 is acceptable at 
10% cl

astro-ph/0512586
astro-ph/0512586
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F2:  Flat, ΛCDM fits all data
• Consensus cosmology consistent with CMB 

(WMAP, …), LSS (SDSS), BAO, SNe, x-ray 
clusters, WL, age of Universe at percent-level 
precision (!).  This is no mean feat



CMB Provides An 
Independent Line of 

Evidence

WMAP

BOOMERanG DASI
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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
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F3:  Flat, ΛCDM and GR fits LSS 
and abundance of clusters

• Very little room for deviation from “standard 
growth of structure” (few percent)
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F4:  Success of CMB, BBN leave 
essentially little room for early 

acceleration

• Highest z SNe show deceleration
• CMB anisotropy and polarization (see 

Smoot)
• Agreement of BBN and CMB on baryon 

density



Evidence for past acceleration:  
Important reality check

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



CMB (first to second peak)
Ωbh2 = 0.0225 ± 0.0006

vs.
BBN (Deuterium)

Ωbh2 = 0.021 ± 0.001
~5% agreement

Ωb = 0.044 ± 0.002

Precision Cosmology Indeed!

h = H0/100 km/s/Mpc ~ 0.7



What we understand



“Eddington Criterion”:



“Eddington Criterion”:



Very elastic 
stuff (p < -ρ/3) 
with repulsive 

gravity aka  
“dark energy” 
can explain 
acceleration



Dark Energy
Defining features:
• Large negative pressure, p ~ -ρ, so 
 that (ρ + 3 p) < 0
• w = p/ρ (equation-of-state parameter) ~ -1
• Smoothly distributed (much less clustered 
 than matter
• Not particulate (dark matter has p ~ 0)

Simplest example:  
• Energy of the quantum vacuum:  w = -1
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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

EDE ≈ 0.03 eV 
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F5:  w = -1 ± “0.2” (SNe et al)
• See Kessler talk



New Results 400d Survey
Alexey Vikhlinin et al, CCCP



Allow w to vary:

w = w0 + wa(1-a) 

ΩDE = 0.76 ± 0.02
  w0 = -1 ± 0.2

wa ~ 0 ± 1
Possible variation is 
not well constrained

variation of w not constrained at all
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Summary of “The Facts”

• F1:  Expansion is accelerating

• F2:  Flat, ΛCDM fits all data
• F3:  Little room for deviation from 

standard structure growth
• F4:  Little room for early acceleration

• F5:  w = -1 ± “0.2” (SNe)
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The Big Questions
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For Astrophysical Cosmologists

1. Is the background cosmological model 
ΛCDM to ±1%? (the current ±10% has 
led to tremendous progress in 
understanding astrophysical evolution)

2. Destiny of the Universe 



From Here to Eternity







In the Presence of Dark
Energy, a Flat Universe
Can Expand Forever, 
Re-collapse, or Even
Experience a Big Rip!



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!
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For Fundamental Cosmologists

1. How much does nothing weigh? (the 
vacuum energy problem that traces back 
to Pauli, Zel’dovich and Weinberg)

2. What is causing the expansion of the 
Universe to accelerate? 

3. The mix?:  ratios of baryons, cold dark 
matter, hot dark matter, photons, dark 
energy (not photons/neutrinos)





Important 
clue or 

coincidence?



At the very 
least, we can 
now say that 
cosmology 
is the battle 
between two 
dark titans
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Dark Theory:  Three Classes of 
Solutions

1. Assume GR, RW; focus on dark energy; e.g., 
vacuum energy, quintessence, topological 
defects or ??

2. Assume RW, but not GR; focus on modified 
gravity, e.g., DGP or f(R) theories

3. Assume GR, but not RW; e.g.,  LTB models 
(hole in the Universe)



Vacuum Energy Problem Solved 
by Supersymmetry or ?
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Theorists:  
When in 

doubt, just 
add a 

scalar field
≈ -1

Many, many variations on 
this theme (not unlike 

inflation)









Summary of Dark Theory
–   Quantum Vacuum Energy (static)

+ it exists(!), same as Λ, w = -1 (F1 – F5)
- 55 orders-of-magnitude discrepancy (or more!)

– “Quintessence” (dynamical scalar field)
+ temporary, related to cosmic inflation?, great variety of 

models, dark energy clumps, w varies, w < -1 possible (F1-
F4)

- doesn’t solve vacuum energy, coupling to the world (F5)

– No Dark Energy, Modified Gravity!
+ Einstein didn’t get last word, superstring inspired, no dark 

energy, inconsistencies when analyzed as GR (F1, F2, F4)
- Cosmology good, gravity bad (F3, F5)

- Hole in the Universe (GR, but no RW)
+ no dark energy (F1)
-  Reconciling the rest of cosmology, we’re at the center of 

the Universe (F2, F5)
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• Smooth, very elastic, non-particulate (medium) 
dark energy w/in GR, important at late times

• Simple physics model:  quantum vacuum energy 
(current null hypothesis)

• Dynamical models:  rolling scalar field
• Physical parameter that describes and 

discriminates between models:  w = p/ρ < -1/3

• Look out for new gravitational physics
• Framework for treating GR alternatives
• Other effects:  Long range forces, …

Theory has provided strong 
guidance & interpretation
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Goals for Stage IV
• Test null hypothesis:  GR + dark energy = quantum 

vacuum energy
– Falsify by w ≠ -1, variation of w, “percent level measurements”; 

or clustering of dark energy

• Test consistency of GR by multiple independent 
measurements and dynamic measurements

• [Rule out LTB e.g. direct measure of acceleration or 
make untenable by other cosmological measurements]

NB:  
• control of systematic error is crucial
• focus on z < 2 most profitable (every reason to believe 

dark energy less important, challenges of hi-z)
• synergy – complementarity between ground and space 

is essential
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Some Comments on Techniques

• SNe:  proven, direct, geometric, warts but no cancer, not 
the most powerful

• Clusters:  detection, dynamic/geometric, huge numbers/
multiwavelength coming, mass proxy, gaussian 
assumption (flipside:  very sensitive)

• BAO:  some results, largely (all?) geometric, no obvious 
systematics (biasing?), coarse-grained, powerful

• WL:  yet to be proven, could be limited by image quality 
or power spectrum, potentially most powerful (but not 
most sensitive probe, cf, Mellier)

NB:  CMB and other data (e.g., H0) provide important priors
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How Much is Enough?!#
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No prediction or clear goal to 
guide thinking

Stage IV:  spend to the break in the 
cost curve (diminishing returns)

“one really good go” on a really big 
problem

…but then what? Stage V?
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Four “Stage IV” Futures



1. w = -1 & theory breakthrough

Percent level measurements of w and wa and LSS 
consistent with ΛCDM

+
Theoretical understanding of small vacuum 

energy

=

Problem Solved for Cosmologists and 
Particle Physicists



2. “w = -1” & theory breakthrough

Percent level measurements of w and wa and LSS 
consistent with ΛCDM

+
New compelling theoretical prediction for time 

variation of w and/or wa – just beyond the 
reach of Stage IV

=

Problem Solved for Cosmologists, 
Particle Physicists think about Stage V



3. “w ≠ -1” or wa ≠ 0

Detection of signature that DE is not 
vacuum energy


Potential implications for both particle 

physics and cosmology
=

With or without theoretical breakthrough
both Cosmologists, Particle Physicists 
think about what to measure in Stage V



4. w = -1 & no theory breakthrough

Percent level measurements of w and wa and LSS 
consistent with ΛCDM

+
No theoretical understanding of small vacuum 

energy
=

Problem solved for cosmologists, but not for 
particle physicists

“Time out”:  take a break and think hard about 
what to do next



Last but not least, don’t forget 
Stage IV theory

• Better parametric/nonparametric probes of 
dark energy

• Better modified gravity theories and ways 
to test them

• New/testable ideas about the mix
• Ideas for testing clustering of dark energy
• Laboratory predictions of dark energy 

models
• Vacuum energy problem


