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The cosmic inventory
Most of the Universe is Dark

Ωlum ∼ 0.01

Ωb ! 0.040 ± 0.005 -BBN
-CMB

- CMB + SNIa
- CMB - DM
- acoustic peak in baryons

ΩDM ∼ 0.23

Ωde ∼ 0.72

72%

1%
4%

23%

�
Ωx =

ρx

ρc
; CMB first peak⇒ Ωtot = 1 (flat); HST h = 0.71± 0.07

�
what’s the difference 
between DM and DE?
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- it does not dilute
- does not cluster, it is prob homogeneous
-                 
- pulls the acceleration, FRW eq. 

The cosmic inventory

72%

1%
4%

23%

FAvgQ: what’s the difference 
between DM and DE?

DM behaves like matter

DE behaves like a constant

- overall it dilutes as volume expands
- clusters gravitationally on small scales
-                            (NR matter)

(radiation has                    )

w = P/ρ � −1

w = P/ρ = 0
w = −1/3

ä

a
= −4πGN

3
(1− 3w)ρ[back]

Most of the Universe is Dark
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The cosmic inventory

15%

12%

63%

10%
radiation

baryons

neutrinos

Dark Matter

At the time of CMB formation (380 Ky)



How do we know that 
Dark Matter is out there?



1) galaxy rotation curves
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1) galaxy rotation curves

2) clusters of galaxies
- “rotation curves”
- gravitation lensing

“bullet cluster” - NASA 
astro-ph/0608247

ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

[further developments]

The Evidence for DM
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1) galaxy rotation curves

2) clusters of galaxies
- “rotation curves”
- gravitation lensing

ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

The Evidence for DM

ring of Dark Matter (2007)
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3) CMB+LSS(+SNIa:) 

M.Cirelli and A.Strumia, astro-ph/0607086

ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

WMAP Millennium
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Andrey Kravtsov, cosmicweb.uchicago.edu

DM N-body simulations
2 106 CDM particles, 43 Mpc cubic box 

[back]

http://cosmicweb.uchicago.edu
http://cosmicweb.uchicago.edu
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DM N-body simulations
Aquarius project of the VIRGO coll.:
1.5 109 CDM particles, single galactic halo

[back]VIRGO coll., Aquarius project, www.mpa-garching.mpg.de/aquarius/
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DM N-body simulations

Springel, Frenk, White, Nature 440 (2006)

SDSS: 106 galaxies,
2 billion lyr

2dF: 2.2 105 galaxies

Millennium: 
1010 particles,
500 h-1 Mpc

[back]
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2 billion lyr
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V. Springel’s 
lecture
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CMB & Large Scale Structure
LSS

LSS matter power spectrum

CMB
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The Evidence for DM

How would the power spectra be without DM? (and no other extra ingredient) 2

FIG. 1: Power spectrum of matter fluctuations in a the-
ory without dark matter as compared to observations of the
galaxy power spectrum. The observed spectrum [14] does
not have the pronounced wiggles predicted by a baryon-only
model, but it also has significantly higher power than does
the model. In fact ∆2, which is a dimensionless measure of
the clumping, never rises above one in a baryon-only model,
so we would not expect to see any large structures (clusters,
galaxies, people, etc.) in the universe in such a model.

small. The first failure has been exploited by many au-
thors to prove the existence of non-baryonic dark mat-
ter [16, 17], the statistical significance for which now
exceeds 5-sigma. The second failure is often ignored be-
cause analysts typically marginalize over the amplitude
of the power spectrum on the grounds that the power
spectrum of galaxies is likely to differ by an overall nor-
malization factor (the bias) from the power spectrum of
matter. But a baryon-only model fails miserably at get-
ting anywhere near the amplitude required to generate
galaxies and galaxy clusters even with an absurd amount
of bias. So if we really want to do away with dark matter,
we need to find a mechanism of growing perturbations
faster than in standard general relativity. This is pre-
cisely what Skordis et al. [15, 18] seemed to have found
in their treatment of perturbations around a smooth cos-
mological solution in TeVeS. Here we aim to move beyond
their numerical treatment to isolate what is causing en-
hanced growth. Our motivation goes beyond TeVeS, as
the exact Lagrangian in [13] will almost certainly need to
be altered even if the general idea turns out to be correct.
Indeed, as shown in Fig 1, even if structure grows faster
than in the standard theory, the shape of the baryon-
only spectrum does not match the observations. Rather,
we want to understand generally how to modify gravity
such that it solves not only the galactic rotation curve
problem but also the cosmological structure problem.

Cosmology in TeVeS. Ordinary matter couples to the
gravitational metric gµν in the standard way in the TeVeS
model. The metric which couples to matter, though, does
not appear in the standard way in the Einstein-Hilbert
action. Rather, it is useful to define a new tensor g̃µν

which is a functional of gµν and a scalar field φ and a
vector field Aµ. Specifically,

gµν ≡ e−2φ (g̃µν + AµAν) − e2φAµAν (1)

defines g̃µν . The action of g̃µν is the standard Einstein-
Hilbert action. The scalar and vector fields have dynam-
ics given, respectively, by the actions Ss and Sv:

Ss =
−1

16πG

∫

d4x(−g̃)1/2 [µ (g̃µν
− AµAν) φ,µφν + V ]

Sv =
−1

32πG

∫

d4x(−g̃)1/2
[

KFαβFαβ − 2λ
(

A2 + 1
)]

(2)

where µ is an additional non-dynamical scalar field,
Fµν ≡ Aµ,ν − Aν,µ, and indices are raised and lowered
with the metric g̃µν . The potential V (µ) is chosen to
give the correct non-relativistic MONDian limit. We will
consider the form proposed by Bekenstein [13]:

V =
3µ2

0

128π $2
B

[

µ̂(4 + 2µ̂ − 4µ̂ + µ̂3) + 2 ln (µ̂ − 1)2
]

(3)
with µ̂ ≡ µ/µ0. There are three free parameters that
appear in the TeVeS action: µ0, $B and KB. The pa-
rameter λ in the vector field action is completely fixed
by variation of the action.

Armed with this action, we can solve [13, 15] for
the evolution of the scale factor a of a homogeneous
Friedman-Robertson-Walker (FRW) metric. This evo-
lution turns out to be very similar to the standard case,
with several small deviations. First, Newton’s constant
gets generalized to Ge−4φ/(1+dφ/d ln(a))2. Second, the
Friedman equation governing the evolution of a has, in
addition to the standard source terms of the matter and
radiation energy densities, the energy density of φ:

ρφ =
e2φ

16πG
(µV ′ + V ) . (4)

FIG. 2: Evolution of homogeneous TeVeS fields. Dashed line
shows logarithmic approximation for φ valid in the regime
when µ is constant. In that regime, ρφ scales as the ambient
density, with the ratio equal to (6µ0)

−1 in the matter era.
Early on, ρφ/ρtotal = −φ = 15/(4µ).

The TeVeS modifications to the standard cosmology
then depend on the evolution of the scalar field φ. Dur-
ing the radiation dominated era, ρφ is much smaller than
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(in particular: no DM => no 3rd peak!)
(you need DM to gravitationally 
“catalyse” structure formation)
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MOND? TeVeS?

New physics at low accelerations Mordehai Milgrom

Figure 3: More MOND results for galaxy RCs (from [2]). The solid lines are the MOND curves; the other
curves are based on Newtonian dynamics: for the stellar disc (dots), gas (dash dots), and stellar bulge (long
dashed) contributions.

uncertain. Concentrating on studies that go to large galactic radii of isolated elliptical galaxies,
I mention here the analyses of [48] and [49], who find good agreement with MOND prediction,
in analyses based on planetary-nebulae, or companion-galaxy, probes. Recently, [50] published a
mass analysis of the isolated elliptical NGC 720, based of x-ray-gas hydrostatics. They find that
the mass discrepancy at a radius of 100Kpc is ∼ 10. I note here that this is in very good agreement
with the prediction of MOND: The MOND acceleration there is g(100Kpc)/a0 ≡ x ≈ 0.11, and
the predicted discrepancy is 1/µ(x), which is ≈ 1/x for small x.

3.4 Systems of galaxies

MOND has been tested also on systems of galaxies, for example, on poor galaxy groups, in
[51], and on super clusters; e.g., in [52]. These analyses showed that the very large mass discrep-
ancies shown by these systems disappear in MOND, within the uncertainties.

However, analyses of galaxy clusters, employing x-ray-gas hydrostatics, and gravitational
lensing, shows a persistent, remaining mass discrepancy, even when MOND is used (see e.g.,
[53, 54], and references therein, for earlier findings to this effect, going back to the early 1990s):
The typical mass discrepancy of galaxy clusters within a few megaparces of the center, which by
standard dynamics is of the order of a factor 10, is reduced in MOND to about a factor of two
only. The deduced density distribution of the MOND “phantom” DM is similar to that of galaxies,
and is rather more centrally concentrated than that of the x-ray gas, which makes the lion share
of the baryons. As a result, the remaining mass discrepancy is rather more pronounced near the
centers of the clusters. A more detailed discussion of this remaining discrepancy, and of possible
explanations of it, are reviewed in [55], advocating, specifically, that the discrepancy is due to yet
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Instead of adding matter, modify Newton or GR.
µ(a) =

�
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a/a0 a ∼ a0
a0 = 1.2 · 10−10m/s2

F = m a F = m a · µ(a) with

fits rotation curves very well
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adding 2 eV neutrinos...
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The Evidence for DM

How would the power spectra be in MOND/TeVeS, without DM ?

(in particular: no DM => no 3rd peak!)

CMB LSS

The Tensor-Vector-Scalar theory and its cosmology 19

Figure 3. LEFT : The Cosmic Microwave Background angular power spectrum
l(l+1)Cl/(2π) for TeVeS (solid) and ΛCDM (dotted) with WMAP 5-year data [8].
RIGHT :The matter power spectrum P (k) for TeVeS (solid) and ΛCDM (dotted)
plotted with SDSS data.

the form of the matter power spectrum P (k) in TeVeS looks quite similar to that in
ΛCDM. Thus TeVeS can produce matter power spectra that cannot be distinguished
from ΛCDM. One would have to turn to other observables to distinguish the two
models. The power spectra for TeVeS and ΛCDM are plotted on the right panel of
Figure 3.

Dodelson and Liguori [75] provided an analytical explanation of the growth of
structure seen numerically by [73]. They have found that the growth in TeVeS cannot
be due to the scalar field. In fact the scalar field perturbations have Bessel function
solutions and are decaying in an oscillatory fashion. Instead, they found that the
growth in TeVeS is due to the vector field perturbation.

Let us see how the vector field leads to growth. Using the tracker solutions in the
matter era from Bourliot et al [67] we find the behaviour of the background functions
a,b and φ̄. These are used into the perturbed field equations, after setting the scalar
field perturbations to zero, and we find that in the matter era the vector field scalar
mode α obeys the equation

α̈ +
b1

τ
α̇ +

b2

τ2
α = S(Ψ, Ψ̇, θ) (40)

in the conformal Newtonian gauge, where

b1 =
4(µ0µa − 1)

µ0µa + 3
(41)

b2 =
2

(µ0µa + 3)2

[

µ2
0µ

2
a −

(

5 +
4

K

)

µ0µa + 6

]

. (42)

and where S is a source term which does not explicitly depend on α. If we take the
simultaneous limit µ0 → ∞ and K → 0 for which Ωφ → 0 meaning that the TeVeS
contribution is absent, we get b1 → 4 and b2 → 2. In this case the two homogeneous
solutions to (40) we τ−2 and τ−1 which are decaying. Dodelson and Liguori show
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3) CMB+LSS(+SNIa:) 

M.Cirelli and A.Strumia, astro-ph/0607086

WMAP-3yr
ACbar
CBI

Boomerang
DASI
VSA

SDSS,    2dFRGS
LyA Forest Croft
LyA Forest SDSS

ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

(spectra w/o DM)

WMAP Millennium

ΩM ≈ 0.275± 0.02
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The Evidence for DM
ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

3) CMB+LSS(+SNIa:) 

1) galaxy rotation curves

2) clusters of galaxies

What is the DM??
It consists of a particle.

Permeates galactic haloes.

ΩM ≈ 0.275± 0.02
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What do we know of the 
particle physics properties of 

Dark Matter?
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DM can NOT be:
a baryon of the SM:

neutrinos:

an astro  je ne sais pas quoi:

- neutrons

- gas

- Black Holes 
- brown dwarves

too light!
do not have enough mass to act as gravitational attractors in galaxy collapse

mν � 1 eV

strong 
lensing

- BBN computes the abundance of He in terms
of primordial baryons: 
too much baryons => Universe full of Helium 

- CMB says baryons are 4% max



What are the 
theoretical  ‘beliefs’?
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has the correct 
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at least on cosmological 
time scales, i.e.
τ > tuniverse

Likely a



A thermal relic 
from the Early Universe
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Caveat: this is only 

one of the possibilit
ies!

[back]

T. Schwetz’s 
lectures
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∂f

∂t
−K(E) ·∇2f − ∂

∂E
(b(E)f) +

∂

∂z
(Vcf) = Qinj − 2hδ(z)Γspallf

h 2L

diffusion energy loss convective wind source spallations

Salati, Chardonnay, Barrau, 
Donato, Taillet, Fornengo, 
Maurin, Brun... ‘90s, ‘00s

spectrum

    and      from  DM annihilations in halop̄ e+
Indirect Detection: basics

[uncert]
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What sets the overall expected flux?

    and      from  DM annihilations in halop̄ e+

astro&
cosmo

particle reference cross section:
σv = 3 · 10−26cm3/sec
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DM halo profiles
From N-body numerical simulations:

cuspy: NFW, Moore
mild: Einasto
smooth: isothermal

ρ⊙
=

0.3
GeV

/cm
3

r⊙

At small r: ρ(r) ∝ 1/rγ

Halo model α β γ rs in kpc

Cored isothermal 2 2 0 5

Navarro, Frenk, White 1 3 1 20

Moore 1 3 1.16 30

ρ(r) = ρ⊙
�r⊙

r

�γ
�
1 + (r⊙/rs)

α

1 + (r/rs)
α

�(β−γ)/α

10�3 10�2 10�1 1 10 102
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Ρ D
M
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G
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ρ(r) = ρs · exp
�
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α

��
r

rs

�α

− 1
�� Einasto | α = 0.17 rs = 20 kpc ρs = 0.06 GeV/cm3



Indirect Detection
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But: recent simulations 
seem to show almost
no clumps 
in inner 10 kpc 
(tidal stripping). 
[Millenium Simulation, Carlos Frenk]
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typically sub-TeV energies
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e±

- compute the population of      
  from DM annihilations in the GC
- compute the synchrotron emitted power 
  for different configurations of galactic �B

e±

(assuming ‘scrambled’ B; in principle, directionality 
could focus emission, lift bounds by O(some))

(energy in B ~ kinetic energy)

radio-waves from synchro radiation of         in GCe±c.
Indirect Detection: constraints



from Inverse Compton on         in haloe±

e±

γ

- upscatter of CMB, infrared and starlight photons on energetic
- probes regions outside of Galactic Center

e±

d.
Indirect Detection: constraints
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from outside the Galaxy  γ

- isotropic flux of prompt and ICS gamma rays, integrated over z and r
- depends strongly on halo formation details and history

redshift z

e.
Indirect Detection: constraints
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d̄p̄

n̄

‘coalescence’

γd̄
d3Nd̄

d�k3
d̄� �� �

d̄-density in
momentum space

=
4π

3
p3
0γn̄

d3Nn̄

d�k3
n̄� �� �

probability to find
n̄ within a sphere

of radius p0 around �kp̄

in momentum space

· γp̄
d3Np̄

d�k3
p̄� �� �

p̄-density in
momentum space

coalescence momentum 
p0 � |�kp̄ − �kn̄| ≈ 80 MeV

Donato, Fornengo, Salati 1999
Donato, Fornengo, Maurin 2008
Kadastik, Raidal, Strumia, 2009
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oscillations + interactions




Φνe

Φνµ

Φντ



production detection
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oscillations + interactions

density matrix

dρ

dr
= −i[H, ρ]+

dρ

dr

∣

∣

∣

∣

CC

+
dρ

dr

∣

∣

∣

∣

NC

+
dρ

dr

∣

∣

∣

∣

in

full evolution equation:

ρ =





ρee ρeµ ρeτ

ρµe ρµµ ρµτ

ρτe ρτµ ρττ





Propagation



Propagation: CC absorption
          and tau regeneration

dρ

dr
= −i[H, ρ]+

dρ

dr

∣

∣

∣

∣

CC

νe e µ

N

νµ

νµ

N

τ
±

ντ ντ

e νe

µ18%

17.5%

ντ

ντ

dρ

dr

∣

∣

∣

∣

CC

= −
{ΓCC, ρ}

2
+

∫

dEin
ν

Ein
ν

[

Πτρττ (Ein
ν

)Γτ

CC(Ein
ν

)fτ→τ (Ein
ν

, Eν)

+Πe,µρ̄ττ (Ein
ν )Γ̄τ

CC(Ein
ν )fτ̄→e,µ(Ein

ν , Eν)

]

E E E
′

(re)generation!



Propagation: summary 
Effects of oscillations and interactions:

	 - reshuffle of the 3 flavors	
	 	 	 (oscillations and regeneration)

	 - attenuation of the fluxes

	 - degradation of energy 
	 	 	 (distortion of spectra)
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ER =
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χv2

mN
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recoil energy

recoil energy spectrum
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mχ mN

mχ + mN
→

�
mχ for small mχ
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cwith + motion of Earth 

in (static?)halo

σ ≈ σSI
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nuclear form factors×

dR
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1
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At least two pieces of information in order to

recognize nuclear recoil

extract rare events from background

  (self consistency)

+ fiducial cuts (self shielding, bad regions)

A blooming field

As much information 

As large a signal to noise ratio 

as possible

1. WIMPs
2. CDMS
3. Future

[credit: B.Sadoulet]

Background rejection Ionization YieldIonization Yield

Calibration Data
! Ionization yield: ionization signal 

13x our WIMP-search background

Calibration Data
y g

divided by recoil energy.

!
133Ba !-source used to define the 

electron recoil bandelectron-recoil band.

!
252Cf n-source used to define the 

nuclear-recoil band.

! The bands are well separated 

down to below 10 keV!

6

CDMS coll.

electron recoil band

calibrated with    -source

nuclear recoil band

calibrated with  n-source

γ

measure two quantities to discriminate Sign & Bkgd,
on event-by-event basis

= 
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Annual modulation seen (     ):8σ

DAMA/Libra
Direct Detection: hints

DAMA Coll., 0804.2741, 2008

NaI(Tl)
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An instrumental effect?

e.g. P.Belli, KITP workshop 12.2009‘NO!’



Direct Detection: hints

Annual modulation seen (     ):8σ

DAMA/Libra
CDMS

CDMS coll., Science 327 (2010), 0912.3592

2 events seen, 
with 0.6 exp’d background

detector T1Z5

Events Passing Timing Cut

All WIMP search data 

passing the timing cut

Event 1:            

Tower 1, ZIP 5 (T1Z5)           

Sat Oct 27 2007Sat. Oct. 27, 2007

8:48pm CDT

Event 2:            

Tower 3 ZIP 4 (T3Z4)Tower 3, ZIP 4 (T3Z4)           

Sun. Aug. 5, 2007

2:41 pm CDT

12

2 events in the NR band pass the timing cut!

DAMA Coll., 0804.2741, 2008

Ge+Si

cited 300 times
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missing 
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Production at colliders
Search strategy 1:

Search strategy 2: ‘monojets’

look for decay subproducts of particles in the same theory

p
p

g̃
q̃ χ̃0

2

q �

�̃

q �

‘trigger on 4j+4l+MET...’

- well studied (    ...)
- model dependent

p p

M2
T

- ‘new’
- more model independent

χ̃0
1

χ̃0
1

χ̃0
1

jet

e.g. J.Goodman et al., 1008.1783 

huge literature
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ν, ν̄ from annihil in massive bodies

from annihil in galactic halo or center

Xenon, CDMS (Dama/Libra?)

LHC
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GAPS
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 from annihil in galactic center or halo
 and from synchrotron emission
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γ

d̄
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How do we know that 
Dark Energy is out there?



The cosmic inventory
Most of the Universe is Dark

Ωlum ∼ 0.01

Ωb ! 0.040 ± 0.005 -BBN
-CMB

- CMB + SNIa
- CMB - DM
- acoustic peak in baryons

ΩDM ∼ 0.23

Ωde ∼ 0.72

72%

1%
4%

23%

�
Ωx =

ρx

ρc
; CMB first peak⇒ Ωtot = 1 (flat); HST h = 0.71± 0.07

�
what’s the difference 
between DM and DE?

keynote:/Users/mcirelli/Documents/talks%20and%20seminars/30.MDM%20colloquium/3.colloquium.Rio.key?id=BGSlide-82
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/30.MDM%20colloquium/3.colloquium.Rio.key?id=BGSlide-82


(constant as                                   )
cosmological constant

The cosmic inventory

72%

1%
4%

23%

�
Ωx =

ρx

ρc
; CMB first peak⇒ Ωtot = 1 (flat); HST h = 0.71± 0.07

�

‘Definition’ of Dark Energy:

ä

a
= −4πG

3
(ρ + 3p)

ρ < −p/3

FRW #2

if                   i.e. w :=
ρ

p
< −1

3

acceleration!

special case: 
w = −1ρ = −p

Λ
ρi ∝ (1 + z)3(1+wi) � const

i.e.
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The Evidence for DE
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Figure 4: Discovery data: Hubble diagram of SNe Ia measured by the Supernova
Cosmology Project and the High-z Supernova Team. Bottom panel shows residu-
als in distance modulus relative to an open universe with Ω0 = ΩM = 0.3. Figure
adapted from Perlmutter & Schmidt (2003), Riess (2000), based on Perlmutter
et al. (1999), Riess et al. (1998).

Subsequent supernova observations have reinforced the original results, and new
evidence has accrued from other observational probes. In this section, we review
these developments and discuss the current status of the evidence for cosmic
acceleration and what we know about dark energy. In §7, we address the probes
of cosmic acceleration in more detail, and we discuss future experiments in §8.

4.1 Cosmic microwave background and large-scale structure

An early and important confirmation of accelerated expansion was the indepen-
dent evidence for dark energy from measurements of CMB anisotropy (Jaffe et al.
2001, Pryke et al. 2002) and of large-scale structure (LSS). The CMB constrains
the amplitude of the primordial fluctuations that give rise to the observed struc-
ture as well as the distance to the last-scattering surface, r(z ! 1100). In order
to allow sufficient growth of the primordial perturbations and not disrupt the for-
mation of large-scale structure, dark energy must come to dominate the Universe
only very recently (see §2.3), implying that its energy density must evolve with
redshift more slowly than matter. This occurs if it has negative pressure, w < 0,
cf. Eq. (5). Likewise, the presence of a component with large negative pressure
that accounts for three-quarters of the critical density affects the distance to the
last-scattering surface.
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Subsequent supernova observations have reinforced the original results, and new
evidence has accrued from other observational probes. In this section, we review
these developments and discuss the current status of the evidence for cosmic
acceleration and what we know about dark energy. In §7, we address the probes
of cosmic acceleration in more detail, and we discuss future experiments in §8.

4.1 Cosmic microwave background and large-scale structure

An early and important confirmation of accelerated expansion was the indepen-
dent evidence for dark energy from measurements of CMB anisotropy (Jaffe et al.
2001, Pryke et al. 2002) and of large-scale structure (LSS). The CMB constrains
the amplitude of the primordial fluctuations that give rise to the observed struc-
ture as well as the distance to the last-scattering surface, r(z ! 1100). In order
to allow sufficient growth of the primordial perturbations and not disrupt the for-
mation of large-scale structure, dark energy must come to dominate the Universe
only very recently (see §2.3), implying that its energy density must evolve with
redshift more slowly than matter. This occurs if it has negative pressure, w < 0,
cf. Eq. (5). Likewise, the presence of a component with large negative pressure
that accounts for three-quarters of the critical density affects the distance to the
last-scattering surface.
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Figure 12: Top panel: B-band light curves for low-redshift SNe Ia from the
Calan-Tololo survey (Hamuy et al. 1996) show an intrinsic scatter of ∼ 0.3 mag
in peak luminosity. Bottom panel: After a one-parameter correction for the
brightness-decline correlation, the light curves show an intrinsic dispersion of
only ∼ 0.15mag. From Kim (2004).

more slowly. After correcting for this correlation, SNe Ia turn out to be excellent
“standardizable” candles, with a dispersion of about 15% in peak brightness.

Cosmological parameters are constrained by comparing distances to low- and
high-redshift SNe Ia. Operationally, since H0dL is independent of the Hubble
parameter H0, Eq. (11) can be written as m = 5 log10[H0dL(z;ΩM,ΩDE, w(z))]+
M, where M ≡ M−5 log10(H0 Mpc)+25 is the parameter effectively constrained
by the low-redshift SNe that anchor the Hubble diagram.

The major systematic concerns for supernova distance measurements are errors
in correcting for host-galaxy extinction and uncertainty in the intrinsic colors of
SNe Ia; luminosity evolution; and selection bias in the low-redshift sample. For
observations in two passbands, with perfect knowledge of intrinsic SN colors
or of the extinction law, one could solve for the extinction and eliminate its
effects on the distance modulus. In practice, the combination of photometric
errors, variations in intrinsic SN colors, and uncertainties and likely variations
in host-galaxy dust properties lead to distance uncertainties even for multi-band
observations of SNe. Observations that extend into the rest-frame near-infrared,
where the effects of extinction are much reduced, offer promise in controlling this
systematic.

With respect to luminosity evolution, there is evidence that SN peak luminosity
correlates with host-galaxy type (e.g., Jha, Riess & Kirshner 2007), and that the
mean host-galaxy environment, e.g., the star formation rate, evolves strongly with
look-back time. However, brightness-decline-corrected SN Ia Hubble diagrams are
consistent between different galaxy types, and since the nearby Universe spans the
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brightness-decline correlation, the light curves show an intrinsic dispersion of
only ∼ 0.15mag. From Kim (2004).

more slowly. After correcting for this correlation, SNe Ia turn out to be excellent
“standardizable” candles, with a dispersion of about 15% in peak brightness.

Cosmological parameters are constrained by comparing distances to low- and
high-redshift SNe Ia. Operationally, since H0dL is independent of the Hubble
parameter H0, Eq. (11) can be written as m = 5 log10[H0dL(z;ΩM,ΩDE, w(z))]+
M, where M ≡ M−5 log10(H0 Mpc)+25 is the parameter effectively constrained
by the low-redshift SNe that anchor the Hubble diagram.

The major systematic concerns for supernova distance measurements are errors
in correcting for host-galaxy extinction and uncertainty in the intrinsic colors of
SNe Ia; luminosity evolution; and selection bias in the low-redshift sample. For
observations in two passbands, with perfect knowledge of intrinsic SN colors
or of the extinction law, one could solve for the extinction and eliminate its
effects on the distance modulus. In practice, the combination of photometric
errors, variations in intrinsic SN colors, and uncertainties and likely variations
in host-galaxy dust properties lead to distance uncertainties even for multi-band
observations of SNe. Observations that extend into the rest-frame near-infrared,
where the effects of extinction are much reduced, offer promise in controlling this
systematic.

With respect to luminosity evolution, there is evidence that SN peak luminosity
correlates with host-galaxy type (e.g., Jha, Riess & Kirshner 2007), and that the
mean host-galaxy environment, e.g., the star formation rate, evolves strongly with
look-back time. However, brightness-decline-corrected SN Ia Hubble diagrams are
consistent between different galaxy types, and since the nearby Universe spans the
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Figure 4: Discovery data: Hubble diagram of SNe Ia measured by the Supernova
Cosmology Project and the High-z Supernova Team. Bottom panel shows residu-
als in distance modulus relative to an open universe with Ω0 = ΩM = 0.3. Figure
adapted from Perlmutter & Schmidt (2003), Riess (2000), based on Perlmutter
et al. (1999), Riess et al. (1998).

Subsequent supernova observations have reinforced the original results, and new
evidence has accrued from other observational probes. In this section, we review
these developments and discuss the current status of the evidence for cosmic
acceleration and what we know about dark energy. In §7, we address the probes
of cosmic acceleration in more detail, and we discuss future experiments in §8.

4.1 Cosmic microwave background and large-scale structure

An early and important confirmation of accelerated expansion was the indepen-
dent evidence for dark energy from measurements of CMB anisotropy (Jaffe et al.
2001, Pryke et al. 2002) and of large-scale structure (LSS). The CMB constrains
the amplitude of the primordial fluctuations that give rise to the observed struc-
ture as well as the distance to the last-scattering surface, r(z ! 1100). In order
to allow sufficient growth of the primordial perturbations and not disrupt the for-
mation of large-scale structure, dark energy must come to dominate the Universe
only very recently (see §2.3), implying that its energy density must evolve with
redshift more slowly than matter. This occurs if it has negative pressure, w < 0,
cf. Eq. (5). Likewise, the presence of a component with large negative pressure
that accounts for three-quarters of the critical density affects the distance to the
last-scattering surface.
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Subsequent supernova observations have reinforced the original results, and new
evidence has accrued from other observational probes. In this section, we review
these developments and discuss the current status of the evidence for cosmic
acceleration and what we know about dark energy. In §7, we address the probes
of cosmic acceleration in more detail, and we discuss future experiments in §8.

4.1 Cosmic microwave background and large-scale structure

An early and important confirmation of accelerated expansion was the indepen-
dent evidence for dark energy from measurements of CMB anisotropy (Jaffe et al.
2001, Pryke et al. 2002) and of large-scale structure (LSS). The CMB constrains
the amplitude of the primordial fluctuations that give rise to the observed struc-
ture as well as the distance to the last-scattering surface, r(z ! 1100). In order
to allow sufficient growth of the primordial perturbations and not disrupt the for-
mation of large-scale structure, dark energy must come to dominate the Universe
only very recently (see §2.3), implying that its energy density must evolve with
redshift more slowly than matter. This occurs if it has negative pressure, w < 0,
cf. Eq. (5). Likewise, the presence of a component with large negative pressure
that accounts for three-quarters of the critical density affects the distance to the
last-scattering surface.
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Figure 4. Hubble diagram for the Union2.1 compilation. The solid line represents the best-fit cosmology for a flat ΛCDM Universe for supernovae alone.
SN SCP06U4 falls outside the allowed x1 range and is excluded from the current analysis. When fit with a newer version of SALT2, this supernova passes the
cut and would be included, so we plot it on the Hubble diagram, but with a red triangle symbol.

Table 4
Assumed instrumental uncertainties for SNe in this paper.

Source Band Uncertainty Reference

HST WFPC2 0.02 Heyer et al. (2004)
ACS F850LP 0.01 Bohlin (2007)
ACS F775W 0.01
ACS F606W 0.01
ACS F850LP 94 Å Bohlin (2007)
ACS F775W 57 Å
ACS F606W 27 Å
NICMOS J 0.024 Ripoche et. al. (in prep), Section 3.2.1
NICMOS H 0.06 de Jong et al. (2006)

SNLS g, r, i 0.01 Astier et al. (2006)
z 0.03

ESSENCE R, I 0.014 Wood-Vasey et al. (2007)
SDSS u 0.014 Kessler et al. (2009)

g, r, i 0.009
z 0.010

SCP: Amanullah et al. (2010) R, I 0.03 Amanullah et al. (2010)
J 0.02

Other U -band 0.04 Hicken et al. (2009a)
Other Band 0.02 Hicken et al. (2009a)
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about 600 SNe

Bottom line: 
distant SNe appear dimmer 
than predicted in a Universe 
without DE,
the Universe has accelerated 
in the past 5 Gyr
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What is the ‘ruler’?

D.Eisenstein, cmb.as.arizona.edu/~eisenste/acousticpeak/

‘standard ruler’
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What is the ‘ruler’?

D.Eisenstein, cmb.as.arizona.edu/~eisenste/acousticpeak/

‘standard ruler’
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D.Eisenstein, cmb.as.arizona.edu/~eisenste/acousticpeak/

‘standard ruler’
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Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are Ωmh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with Ωbh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (Ωmh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in ξ(s). Subtracting 0.002 from ξ(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit χ2 by only 1.3. The bump at 100h−1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no effect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width ∆z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc−1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc−1 is reduced by 13% (86%). The effect of this
suppression is negligible, only 5× 10−4 (10−4) on the cor-
relation function at the 30 (100) h−1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h−1 Mpc scales that is
controlled by the redshift of equality (and hence by Ωmh2). Vary-
ing Ωmh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h−1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r − i color makes a 8-10% change in number den-
sity; a 1% shift in the g − r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6◦ wide and up to 15◦ long. This means that there
are 20 independent calibrations being applied to a given
6◦ (100h−1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved

D.Eisenstein, cmb.as.arizona.edu/~eisenste/acousticpeak/
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Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are Ωmh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with Ωbh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (Ωmh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in ξ(s). Subtracting 0.002 from ξ(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit χ2 by only 1.3. The bump at 100h−1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no effect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width ∆z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc−1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc−1 is reduced by 13% (86%). The effect of this
suppression is negligible, only 5× 10−4 (10−4) on the cor-
relation function at the 30 (100) h−1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h−1 Mpc scales that is
controlled by the redshift of equality (and hence by Ωmh2). Vary-
ing Ωmh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h−1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r − i color makes a 8-10% change in number den-
sity; a 1% shift in the g − r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6◦ wide and up to 15◦ long. This means that there
are 20 independent calibrations being applied to a given
6◦ (100h−1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved

D.Eisenstein, cmb.as.arizona.edu/~eisenste/acousticpeak/
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Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are Ωmh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with Ωbh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (Ωmh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in ξ(s). Subtracting 0.002 from ξ(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit χ2 by only 1.3. The bump at 100h−1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no effect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width ∆z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc−1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc−1 is reduced by 13% (86%). The effect of this
suppression is negligible, only 5× 10−4 (10−4) on the cor-
relation function at the 30 (100) h−1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h−1 Mpc scales that is
controlled by the redshift of equality (and hence by Ωmh2). Vary-
ing Ωmh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h−1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r − i color makes a 8-10% change in number den-
sity; a 1% shift in the g − r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6◦ wide and up to 15◦ long. This means that there
are 20 independent calibrations being applied to a given
6◦ (100h−1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved

D.Eisenstein, cmb.as.arizona.edu/~eisenste/acousticpeak/
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Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are Ωmh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with Ωbh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (Ωmh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in ξ(s). Subtracting 0.002 from ξ(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit χ2 by only 1.3. The bump at 100h−1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no effect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width ∆z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc−1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc−1 is reduced by 13% (86%). The effect of this
suppression is negligible, only 5× 10−4 (10−4) on the cor-
relation function at the 30 (100) h−1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h−1 Mpc scales that is
controlled by the redshift of equality (and hence by Ωmh2). Vary-
ing Ωmh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h−1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r − i color makes a 8-10% change in number den-
sity; a 1% shift in the g − r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6◦ wide and up to 15◦ long. This means that there
are 20 independent calibrations being applied to a given
6◦ (100h−1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved

D.Eisenstein, cmb.as.arizona.edu/~eisenste/acousticpeak/
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In principle: another ‘standard ruler’ *:

In practice: DE is too subdominant at                , 

θ

Moreover, recently: using weak lensing of CMB light

the size of the sound horizon at  z � 1100

rs =
�

cs dτ cs � c/
√

3

z � 1100

On the other hand: CMB fit gives Ωtot � 1
ΩDM � 0.27

there are degeneracies w other effects

*(actually, it’s the ‘same’ ruler as BAO!)

ΩΛ ≈ 0.73

ΩΛ = 0.61+0.14
−0.06

Sherwin et al., ACT Atacama Cosmology 
Telescope, 1105.0419
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Figure 5. ΛCDM model: 68.3%, 95.4%, and 99.7% confidence regions of the (Ωm,ΩΛ) plane from SNe Ia combined with the constraints from BAO and
CMB. The left panel shows the SN Ia confidence region only including statistical errors while the right panel shows the SN Ia confidence region with both
statistical and systematic errors.

Figure 6. wCDM model: 68.3%, 95.4%, and 99.7% confidence regions in the (Ωm, w) plane from SNe Ia BAO and CMB. The left panel shows the SN Ia
confidence region for statistical uncertainties only, while the right panel shows the confidence region including both statistical and systematic uncertainties. We
note that CMB and SN Ia constraints are orthogonal, making this combination of cosmological probes very powerful for investigating the nature of dark energy.



The Evidence for DE
- complementarity
- concordance

Su
zu

ki
 e

t a
l.,

 1
10

5.
34

70

ΩΛ = 0.725± 0.016
ΩM = 0.274± 0.007

Komatsu et al., WMAP7, 1001.4538

Other probes played / will play a role:
- cluster counts
- weak lensing... 

20

Figure 5. ΛCDM model: 68.3%, 95.4%, and 99.7% confidence regions of the (Ωm,ΩΛ) plane from SNe Ia combined with the constraints from BAO and
CMB. The left panel shows the SN Ia confidence region only including statistical errors while the right panel shows the SN Ia confidence region with both
statistical and systematic errors.

Figure 6. wCDM model: 68.3%, 95.4%, and 99.7% confidence regions in the (Ωm, w) plane from SNe Ia BAO and CMB. The left panel shows the SN Ia
confidence region for statistical uncertainties only, while the right panel shows the confidence region including both statistical and systematic uncertainties. We
note that CMB and SN Ia constraints are orthogonal, making this combination of cosmological probes very powerful for investigating the nature of dark energy.

L. Amendola’s 
lecture



What do we know of the 
(particle physics) properties 

of Dark Energy?
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evolution in time

transition from radiation domination

to matter domination.

According to the big bang theory, the

energy of the universe used to reside

mainly in radiation. As the universe

cooled, however, the radiation lost en-

ergy faster than ordinary matter did. By

the time the universe was a few tens of

thousands of years old—a relatively

short time ago in logarithmic terms—

the energy balance had shifted in favor

of matter. This change marked the be-

ginning of the matter-dominated epoch

of which we are the beneficiaries. Only

then could gravity begin to pull matter

together to form galaxies and larger-

scale structures. At the same time, the

expansion rate of the universe under-

went a change.

In a variation on the tracker models,

this transformation triggered a series of

events that led to cosmic acceleration

today. Throughout most of the history

of the universe, quintessence tracked

the radiation energy, remaining an in-

significant component of the cosmos.

But when the universe became matter-

dominated, the change in the expansion

rate jolted quintessence out of its copy-

cat behavior. Instead of tracking the ra-

diation or even the matter, the pressure

of quintessence switched to a negative

value. Its density held nearly fixed and

ultimately overtook the decreasing mat-

ter density. In this picture, the fact that

thinking beings and cosmic acceleration

came into existence at nearly the same

time is not a coincidence. Both the for-

mation of stars and planets necessary to

support life and the transformation of

quintessence into a negative-pressure

component were triggered by the onset

of matter domination.

Looking to the Future

In the short term, the focus of cosmol-

ogists will be to detect the existence of

quintessence. It has observable conse-

quences. Because its value of w differs

from that of vacuum energy, it produces

a different rate of cosmic acceleration.

More precise measurements of super-

novae over a longer span of distances

may separate the two cases. Astronomers

have proposed two new observatories—

the orbiting Supernova Acceleration

Probe and the Earth-based Large-Aper-

ture Synoptic Survey Telescope—to re-

solve the issue. Differences in accelera-

tion rate also produce small differences

in the angular size of hot and cold spots

in the cosmic microwave background

radiation, as the Microwave Anisotropy

Probe and Planck spacecraft should be

able to detect.

Other tests measure how the number

of galaxies varies with increasing red-

shift to infer how the expansion rate of

the universe has changed with time. A

ground-based project known as the

Deep Extragalactic Evolutionary Probe

will look for this effect.

Over the longer term, all of us will be

left to ponder the profound implications

of these revolutionary discoveries. They

lead to a sobering new interpretation of

our place in cosmic history. In the begin-

ning (or at least the earliest for which we

have any clue), there was inflation, an

extended period of accelerated expan-

sion during the first instants after the big

bang. Space back then was nearly de-

void of matter, and a quintessencelike

quantum field with negative pressure

held sway. During that period, the uni-

verse expanded by a greater factor than

it has during the 15 billion years since in-

flation ended. At the end of inflation, the

field decayed to a hot gas of quarks, glu-

ons, electrons, light and dark energy.

For thousands of years, space was so

thick with radiation that atoms, let

alone larger structures, could never

form. Then matter took control. The

next stage—our epoch—has been one

of steady cooling, condensation and the

evolution of intricate structure of ever

increasing size. But this period is com-

ing to an end. Cosmic acceleration is

back. The universe as we know it, with

shining stars, galaxies and clusters, ap-

pears to have been a brief interlude. As

acceleration takes hold over the next

tens of billions of years, the matter and
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KEEPING TRACK
If dark energy consists of the cosmological constant, the energy density must be fine-tuned

so that it overtakes the matter density in recent history (left). For the type of quintessence

known as a tracker field (right), any initial density value (dashed line) converges to a com-

mon track (blue line) that runs in lockstep with the radiation density until the matter densi-

ty overtakes it. This causes the tracker density to freeze and to trigger cosmic acceleration.

Copyright 2000 Scientific American, Inc.



Nature of DE
cosmological constant,Λ w = −1

measured value
estimate ρvac =
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evolution in time

transition from radiation domination

to matter domination.

According to the big bang theory, the

energy of the universe used to reside

mainly in radiation. As the universe

cooled, however, the radiation lost en-

ergy faster than ordinary matter did. By

the time the universe was a few tens of

thousands of years old—a relatively

short time ago in logarithmic terms—

the energy balance had shifted in favor

of matter. This change marked the be-

ginning of the matter-dominated epoch

of which we are the beneficiaries. Only

then could gravity begin to pull matter

together to form galaxies and larger-

scale structures. At the same time, the

expansion rate of the universe under-

went a change.

In a variation on the tracker models,

this transformation triggered a series of

events that led to cosmic acceleration

today. Throughout most of the history

of the universe, quintessence tracked

the radiation energy, remaining an in-

significant component of the cosmos.

But when the universe became matter-

dominated, the change in the expansion

rate jolted quintessence out of its copy-

cat behavior. Instead of tracking the ra-

diation or even the matter, the pressure

of quintessence switched to a negative

value. Its density held nearly fixed and

ultimately overtook the decreasing mat-

ter density. In this picture, the fact that

thinking beings and cosmic acceleration

came into existence at nearly the same

time is not a coincidence. Both the for-

mation of stars and planets necessary to

support life and the transformation of

quintessence into a negative-pressure

component were triggered by the onset

of matter domination.

Looking to the Future

In the short term, the focus of cosmol-

ogists will be to detect the existence of

quintessence. It has observable conse-

quences. Because its value of w differs

from that of vacuum energy, it produces

a different rate of cosmic acceleration.

More precise measurements of super-

novae over a longer span of distances

may separate the two cases. Astronomers

have proposed two new observatories—

the orbiting Supernova Acceleration

Probe and the Earth-based Large-Aper-

ture Synoptic Survey Telescope—to re-

solve the issue. Differences in accelera-

tion rate also produce small differences

in the angular size of hot and cold spots

in the cosmic microwave background

radiation, as the Microwave Anisotropy

Probe and Planck spacecraft should be

able to detect.

Other tests measure how the number

of galaxies varies with increasing red-

shift to infer how the expansion rate of

the universe has changed with time. A

ground-based project known as the

Deep Extragalactic Evolutionary Probe

will look for this effect.

Over the longer term, all of us will be

left to ponder the profound implications

of these revolutionary discoveries. They

lead to a sobering new interpretation of

our place in cosmic history. In the begin-

ning (or at least the earliest for which we

have any clue), there was inflation, an

extended period of accelerated expan-

sion during the first instants after the big

bang. Space back then was nearly de-

void of matter, and a quintessencelike

quantum field with negative pressure

held sway. During that period, the uni-

verse expanded by a greater factor than

it has during the 15 billion years since in-

flation ended. At the end of inflation, the

field decayed to a hot gas of quarks, glu-

ons, electrons, light and dark energy.

For thousands of years, space was so

thick with radiation that atoms, let

alone larger structures, could never

form. Then matter took control. The

next stage—our epoch—has been one

of steady cooling, condensation and the

evolution of intricate structure of ever

increasing size. But this period is com-

ing to an end. Cosmic acceleration is

back. The universe as we know it, with

shining stars, galaxies and clusters, ap-

pears to have been a brief interlude. As

acceleration takes hold over the next

tens of billions of years, the matter and
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Inflation ends

10–43
10–610–6

Cosmic background
 radiation is released
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KEEPING TRACK
If dark energy consists of the cosmological constant, the energy density must be fine-tuned

so that it overtakes the matter density in recent history (left). For the type of quintessence

known as a tracker field (right), any initial density value (dashed line) converges to a com-

mon track (blue line) that runs in lockstep with the radiation density until the matter densi-

ty overtakes it. This causes the tracker density to freeze and to trigger cosmic acceleration.

Copyright 2000 Scientific American, Inc.



Nature of DE
cosmological constant,Λ w = −1

measured value
estimate ρvac =

1
2
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particles

gi

� kmax
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Ever.
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problem.
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Multiverse?

evolution in time

transition from radiation domination

to matter domination.

According to the big bang theory, the

energy of the universe used to reside

mainly in radiation. As the universe

cooled, however, the radiation lost en-

ergy faster than ordinary matter did. By

the time the universe was a few tens of

thousands of years old—a relatively

short time ago in logarithmic terms—

the energy balance had shifted in favor

of matter. This change marked the be-

ginning of the matter-dominated epoch

of which we are the beneficiaries. Only

then could gravity begin to pull matter

together to form galaxies and larger-

scale structures. At the same time, the

expansion rate of the universe under-

went a change.

In a variation on the tracker models,

this transformation triggered a series of

events that led to cosmic acceleration

today. Throughout most of the history

of the universe, quintessence tracked

the radiation energy, remaining an in-

significant component of the cosmos.

But when the universe became matter-

dominated, the change in the expansion

rate jolted quintessence out of its copy-

cat behavior. Instead of tracking the ra-

diation or even the matter, the pressure

of quintessence switched to a negative

value. Its density held nearly fixed and

ultimately overtook the decreasing mat-

ter density. In this picture, the fact that

thinking beings and cosmic acceleration

came into existence at nearly the same

time is not a coincidence. Both the for-

mation of stars and planets necessary to

support life and the transformation of

quintessence into a negative-pressure

component were triggered by the onset

of matter domination.

Looking to the Future

In the short term, the focus of cosmol-

ogists will be to detect the existence of

quintessence. It has observable conse-

quences. Because its value of w differs

from that of vacuum energy, it produces

a different rate of cosmic acceleration.

More precise measurements of super-

novae over a longer span of distances

may separate the two cases. Astronomers

have proposed two new observatories—

the orbiting Supernova Acceleration

Probe and the Earth-based Large-Aper-

ture Synoptic Survey Telescope—to re-

solve the issue. Differences in accelera-

tion rate also produce small differences

in the angular size of hot and cold spots

in the cosmic microwave background

radiation, as the Microwave Anisotropy

Probe and Planck spacecraft should be

able to detect.

Other tests measure how the number

of galaxies varies with increasing red-

shift to infer how the expansion rate of

the universe has changed with time. A

ground-based project known as the

Deep Extragalactic Evolutionary Probe

will look for this effect.

Over the longer term, all of us will be

left to ponder the profound implications

of these revolutionary discoveries. They

lead to a sobering new interpretation of

our place in cosmic history. In the begin-

ning (or at least the earliest for which we

have any clue), there was inflation, an

extended period of accelerated expan-

sion during the first instants after the big

bang. Space back then was nearly de-

void of matter, and a quintessencelike

quantum field with negative pressure

held sway. During that period, the uni-

verse expanded by a greater factor than

it has during the 15 billion years since in-

flation ended. At the end of inflation, the

field decayed to a hot gas of quarks, glu-

ons, electrons, light and dark energy.

For thousands of years, space was so

thick with radiation that atoms, let

alone larger structures, could never

form. Then matter took control. The

next stage—our epoch—has been one

of steady cooling, condensation and the

evolution of intricate structure of ever

increasing size. But this period is com-

ing to an end. Cosmic acceleration is

back. The universe as we know it, with

shining stars, galaxies and clusters, ap-

pears to have been a brief interlude. As

acceleration takes hold over the next

tens of billions of years, the matter and
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radiation density

Inflation ends
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nuclei
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form
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Inflation ends
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Cosmic background
 radiation is released
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KEEPING TRACK
If dark energy consists of the cosmological constant, the energy density must be fine-tuned

so that it overtakes the matter density in recent history (left). For the type of quintessence

known as a tracker field (right), any initial density value (dashed line) converges to a com-

mon track (blue line) that runs in lockstep with the radiation density until the matter densi-

ty overtakes it. This causes the tracker density to freeze and to trigger cosmic acceleration.

Copyright 2000 Scientific American, Inc.
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transition from radiation domination

to matter domination.

According to the big bang theory, the

energy of the universe used to reside

mainly in radiation. As the universe

cooled, however, the radiation lost en-

ergy faster than ordinary matter did. By

the time the universe was a few tens of

thousands of years old—a relatively

short time ago in logarithmic terms—

the energy balance had shifted in favor

of matter. This change marked the be-

ginning of the matter-dominated epoch

of which we are the beneficiaries. Only

then could gravity begin to pull matter

together to form galaxies and larger-

scale structures. At the same time, the

expansion rate of the universe under-

went a change.

In a variation on the tracker models,

this transformation triggered a series of

events that led to cosmic acceleration

today. Throughout most of the history

of the universe, quintessence tracked

the radiation energy, remaining an in-

significant component of the cosmos.

But when the universe became matter-

dominated, the change in the expansion

rate jolted quintessence out of its copy-

cat behavior. Instead of tracking the ra-

diation or even the matter, the pressure

of quintessence switched to a negative

value. Its density held nearly fixed and

ultimately overtook the decreasing mat-

ter density. In this picture, the fact that

thinking beings and cosmic acceleration

came into existence at nearly the same

time is not a coincidence. Both the for-

mation of stars and planets necessary to

support life and the transformation of

quintessence into a negative-pressure

component were triggered by the onset

of matter domination.

Looking to the Future

In the short term, the focus of cosmol-

ogists will be to detect the existence of

quintessence. It has observable conse-

quences. Because its value of w differs

from that of vacuum energy, it produces

a different rate of cosmic acceleration.

More precise measurements of super-

novae over a longer span of distances

may separate the two cases. Astronomers

have proposed two new observatories—

the orbiting Supernova Acceleration

Probe and the Earth-based Large-Aper-

ture Synoptic Survey Telescope—to re-

solve the issue. Differences in accelera-

tion rate also produce small differences

in the angular size of hot and cold spots

in the cosmic microwave background

radiation, as the Microwave Anisotropy

Probe and Planck spacecraft should be

able to detect.

Other tests measure how the number

of galaxies varies with increasing red-

shift to infer how the expansion rate of

the universe has changed with time. A

ground-based project known as the

Deep Extragalactic Evolutionary Probe

will look for this effect.

Over the longer term, all of us will be

left to ponder the profound implications

of these revolutionary discoveries. They

lead to a sobering new interpretation of

our place in cosmic history. In the begin-

ning (or at least the earliest for which we

have any clue), there was inflation, an

extended period of accelerated expan-

sion during the first instants after the big

bang. Space back then was nearly de-

void of matter, and a quintessencelike

quantum field with negative pressure

held sway. During that period, the uni-

verse expanded by a greater factor than

it has during the 15 billion years since in-

flation ended. At the end of inflation, the

field decayed to a hot gas of quarks, glu-

ons, electrons, light and dark energy.

For thousands of years, space was so

thick with radiation that atoms, let

alone larger structures, could never

form. Then matter took control. The

next stage—our epoch—has been one

of steady cooling, condensation and the

evolution of intricate structure of ever

increasing size. But this period is com-

ing to an end. Cosmic acceleration is

back. The universe as we know it, with

shining stars, galaxies and clusters, ap-

pears to have been a brief interlude. As

acceleration takes hold over the next

tens of billions of years, the matter and
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KEEPING TRACK
If dark energy consists of the cosmological constant, the energy density must be fine-tuned

so that it overtakes the matter density in recent history (left). For the type of quintessence

known as a tracker field (right), any initial density value (dashed line) converges to a com-

mon track (blue line) that runs in lockstep with the radiation density until the matter densi-

ty overtakes it. This causes the tracker density to freeze and to trigger cosmic acceleration.

Copyright 2000 Scientific American, Inc.
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transition from radiation domination

to matter domination.

According to the big bang theory, the

energy of the universe used to reside

mainly in radiation. As the universe

cooled, however, the radiation lost en-

ergy faster than ordinary matter did. By

the time the universe was a few tens of

thousands of years old—a relatively

short time ago in logarithmic terms—

the energy balance had shifted in favor

of matter. This change marked the be-

ginning of the matter-dominated epoch

of which we are the beneficiaries. Only

then could gravity begin to pull matter

together to form galaxies and larger-

scale structures. At the same time, the

expansion rate of the universe under-

went a change.

In a variation on the tracker models,

this transformation triggered a series of

events that led to cosmic acceleration

today. Throughout most of the history

of the universe, quintessence tracked

the radiation energy, remaining an in-

significant component of the cosmos.

But when the universe became matter-

dominated, the change in the expansion

rate jolted quintessence out of its copy-

cat behavior. Instead of tracking the ra-

diation or even the matter, the pressure

of quintessence switched to a negative

value. Its density held nearly fixed and

ultimately overtook the decreasing mat-

ter density. In this picture, the fact that

thinking beings and cosmic acceleration

came into existence at nearly the same

time is not a coincidence. Both the for-

mation of stars and planets necessary to

support life and the transformation of

quintessence into a negative-pressure

component were triggered by the onset

of matter domination.

Looking to the Future

In the short term, the focus of cosmol-

ogists will be to detect the existence of

quintessence. It has observable conse-

quences. Because its value of w differs

from that of vacuum energy, it produces

a different rate of cosmic acceleration.

More precise measurements of super-

novae over a longer span of distances

may separate the two cases. Astronomers

have proposed two new observatories—

the orbiting Supernova Acceleration

Probe and the Earth-based Large-Aper-

ture Synoptic Survey Telescope—to re-

solve the issue. Differences in accelera-

tion rate also produce small differences

in the angular size of hot and cold spots

in the cosmic microwave background

radiation, as the Microwave Anisotropy

Probe and Planck spacecraft should be

able to detect.

Other tests measure how the number

of galaxies varies with increasing red-

shift to infer how the expansion rate of

the universe has changed with time. A

ground-based project known as the

Deep Extragalactic Evolutionary Probe

will look for this effect.

Over the longer term, all of us will be

left to ponder the profound implications

of these revolutionary discoveries. They

lead to a sobering new interpretation of

our place in cosmic history. In the begin-

ning (or at least the earliest for which we

have any clue), there was inflation, an

extended period of accelerated expan-

sion during the first instants after the big

bang. Space back then was nearly de-

void of matter, and a quintessencelike

quantum field with negative pressure

held sway. During that period, the uni-

verse expanded by a greater factor than

it has during the 15 billion years since in-

flation ended. At the end of inflation, the

field decayed to a hot gas of quarks, glu-

ons, electrons, light and dark energy.

For thousands of years, space was so

thick with radiation that atoms, let

alone larger structures, could never

form. Then matter took control. The

next stage—our epoch—has been one

of steady cooling, condensation and the

evolution of intricate structure of ever

increasing size. But this period is com-

ing to an end. Cosmic acceleration is

back. The universe as we know it, with

shining stars, galaxies and clusters, ap-

pears to have been a brief interlude. As

acceleration takes hold over the next

tens of billions of years, the matter and
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KEEPING TRACK
If dark energy consists of the cosmological constant, the energy density must be fine-tuned

so that it overtakes the matter density in recent history (left). For the type of quintessence

known as a tracker field (right), any initial density value (dashed line) converges to a com-

mon track (blue line) that runs in lockstep with the radiation density until the matter densi-

ty overtakes it. This causes the tracker density to freeze and to trigger cosmic acceleration.
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transition from radiation domination

to matter domination.

According to the big bang theory, the

energy of the universe used to reside

mainly in radiation. As the universe

cooled, however, the radiation lost en-

ergy faster than ordinary matter did. By

the time the universe was a few tens of

thousands of years old—a relatively

short time ago in logarithmic terms—

the energy balance had shifted in favor

of matter. This change marked the be-

ginning of the matter-dominated epoch

of which we are the beneficiaries. Only

then could gravity begin to pull matter

together to form galaxies and larger-

scale structures. At the same time, the

expansion rate of the universe under-

went a change.

In a variation on the tracker models,

this transformation triggered a series of

events that led to cosmic acceleration

today. Throughout most of the history

of the universe, quintessence tracked

the radiation energy, remaining an in-

significant component of the cosmos.

But when the universe became matter-

dominated, the change in the expansion

rate jolted quintessence out of its copy-

cat behavior. Instead of tracking the ra-

diation or even the matter, the pressure

of quintessence switched to a negative

value. Its density held nearly fixed and

ultimately overtook the decreasing mat-

ter density. In this picture, the fact that

thinking beings and cosmic acceleration

came into existence at nearly the same

time is not a coincidence. Both the for-

mation of stars and planets necessary to

support life and the transformation of

quintessence into a negative-pressure

component were triggered by the onset

of matter domination.

Looking to the Future

In the short term, the focus of cosmol-

ogists will be to detect the existence of

quintessence. It has observable conse-

quences. Because its value of w differs

from that of vacuum energy, it produces

a different rate of cosmic acceleration.

More precise measurements of super-

novae over a longer span of distances

may separate the two cases. Astronomers

have proposed two new observatories—

the orbiting Supernova Acceleration

Probe and the Earth-based Large-Aper-

ture Synoptic Survey Telescope—to re-

solve the issue. Differences in accelera-

tion rate also produce small differences

in the angular size of hot and cold spots

in the cosmic microwave background

radiation, as the Microwave Anisotropy

Probe and Planck spacecraft should be

able to detect.

Other tests measure how the number

of galaxies varies with increasing red-

shift to infer how the expansion rate of

the universe has changed with time. A

ground-based project known as the

Deep Extragalactic Evolutionary Probe

will look for this effect.

Over the longer term, all of us will be

left to ponder the profound implications

of these revolutionary discoveries. They

lead to a sobering new interpretation of

our place in cosmic history. In the begin-

ning (or at least the earliest for which we

have any clue), there was inflation, an

extended period of accelerated expan-

sion during the first instants after the big

bang. Space back then was nearly de-

void of matter, and a quintessencelike

quantum field with negative pressure

held sway. During that period, the uni-

verse expanded by a greater factor than

it has during the 15 billion years since in-

flation ended. At the end of inflation, the

field decayed to a hot gas of quarks, glu-

ons, electrons, light and dark energy.

For thousands of years, space was so

thick with radiation that atoms, let

alone larger structures, could never

form. Then matter took control. The

next stage—our epoch—has been one

of steady cooling, condensation and the

evolution of intricate structure of ever

increasing size. But this period is com-

ing to an end. Cosmic acceleration is

back. The universe as we know it, with

shining stars, galaxies and clusters, ap-

pears to have been a brief interlude. As

acceleration takes hold over the next

tens of billions of years, the matter and
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mon track (blue line) that runs in lockstep with the radiation density until the matter densi-

ty overtakes it. This causes the tracker density to freeze and to trigger cosmic acceleration.
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transition from radiation domination

to matter domination.

According to the big bang theory, the

energy of the universe used to reside

mainly in radiation. As the universe

cooled, however, the radiation lost en-

ergy faster than ordinary matter did. By

the time the universe was a few tens of

thousands of years old—a relatively

short time ago in logarithmic terms—

the energy balance had shifted in favor

of matter. This change marked the be-

ginning of the matter-dominated epoch

of which we are the beneficiaries. Only

then could gravity begin to pull matter

together to form galaxies and larger-

scale structures. At the same time, the

expansion rate of the universe under-

went a change.

In a variation on the tracker models,

this transformation triggered a series of

events that led to cosmic acceleration

today. Throughout most of the history

of the universe, quintessence tracked

the radiation energy, remaining an in-

significant component of the cosmos.

But when the universe became matter-

dominated, the change in the expansion

rate jolted quintessence out of its copy-

cat behavior. Instead of tracking the ra-

diation or even the matter, the pressure

of quintessence switched to a negative

value. Its density held nearly fixed and

ultimately overtook the decreasing mat-

ter density. In this picture, the fact that

thinking beings and cosmic acceleration

came into existence at nearly the same

time is not a coincidence. Both the for-

mation of stars and planets necessary to

support life and the transformation of

quintessence into a negative-pressure

component were triggered by the onset

of matter domination.

Looking to the Future

In the short term, the focus of cosmol-

ogists will be to detect the existence of

quintessence. It has observable conse-

quences. Because its value of w differs

from that of vacuum energy, it produces

a different rate of cosmic acceleration.

More precise measurements of super-

novae over a longer span of distances

may separate the two cases. Astronomers

have proposed two new observatories—

the orbiting Supernova Acceleration

Probe and the Earth-based Large-Aper-

ture Synoptic Survey Telescope—to re-

solve the issue. Differences in accelera-

tion rate also produce small differences

in the angular size of hot and cold spots

in the cosmic microwave background

radiation, as the Microwave Anisotropy

Probe and Planck spacecraft should be

able to detect.

Other tests measure how the number

of galaxies varies with increasing red-

shift to infer how the expansion rate of

the universe has changed with time. A

ground-based project known as the

Deep Extragalactic Evolutionary Probe

will look for this effect.

Over the longer term, all of us will be

left to ponder the profound implications

of these revolutionary discoveries. They

lead to a sobering new interpretation of

our place in cosmic history. In the begin-

ning (or at least the earliest for which we

have any clue), there was inflation, an

extended period of accelerated expan-

sion during the first instants after the big

bang. Space back then was nearly de-

void of matter, and a quintessencelike

quantum field with negative pressure

held sway. During that period, the uni-

verse expanded by a greater factor than

it has during the 15 billion years since in-

flation ended. At the end of inflation, the

field decayed to a hot gas of quarks, glu-

ons, electrons, light and dark energy.

For thousands of years, space was so

thick with radiation that atoms, let

alone larger structures, could never

form. Then matter took control. The

next stage—our epoch—has been one

of steady cooling, condensation and the

evolution of intricate structure of ever

increasing size. But this period is com-

ing to an end. Cosmic acceleration is

back. The universe as we know it, with

shining stars, galaxies and clusters, ap-

pears to have been a brief interlude. As

acceleration takes hold over the next

tens of billions of years, the matter and
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Conclusions (for today)
Dark Matter exists Dark Energy exists

We have (almost) no clue of what they are, 
but many hints and many ideas.

The ‘era of data’ 
is now for DM.

The ‘era of data’ 
is coming for DE.

May you live in exciting times.


