
Lecture three: 
the Dark Puzzles



The dark side of the Universe

70% of the energy density of the Universe
is in the form of dark energy



Dark Energy
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Distance-Redshift Relation

Light travels on geodesics
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Evidence for Dark Energy
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How do we know DE exists?

• Assume FRW model of cosmology:

• Assume energy and pressure content:

• Input cosmological parameters

• Compute observables:

• Model cosmology fits with       , but not without 

• All evidence for DE is INDIRECT : the observed Hubble rate 
is not the one predicted through all the previous steps                                                               

H2 = 8πGρ/3− k/a2

ρ = ρM + ργ + ρΛ + · · ·

dL(z), dA(z), H(z)

ρΛ ρΛ



Evidence for Dark Energy

• Hubble Diagram (SNe)

• Baryon acoustic 
oscillations

• Weak lensing

• Galaxy clusters

• Age of the Universe

• Structure formation
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Taking sides:

G00(FRW) = 8π GT00

1) Modify the RHS of Einstein equations
a) Cosmological constant

     b) Not constant (scalar field)

2) Modify the LHS of Einstein equations
                a) Beyond Einstein (mod. of gravity)

            b) Just Einstein (BR of inhomog.)



Modify the RHS: 
CC/Quintessence

• Many possible 
contributions?

• Why then is the total  
so small?

• Perhaps some unknown  
dynamics sets the total 
CC to zero, but we are 
not there yet



Why now?



Anthropic/Landscape

• Many sources of vacuum 
energy

• String Theory has many 
vacua

• Some of them 
correspond to a 
cancellation leading to 
the observed  small 
cosmological constant

• Although the are 
exponentially 
uncommon, they are 
preferred because...

• More common values of 
the CC results in an 
inhospitable Universe

> 10500

Galaxies require
(Weinberg)

Λ < 10−118 M4
Pl



Modify the LHS:
non-standard gravity

Fg = GN
m1m2

r2
per r < rc

Fg = GN
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r3
per r > rc



Observational strategy



Cosmological Perturbations are 
sensitive to energy content

δ̈m + 2H δ̇m =
3
2
H2δm, δm = δρm/ρm

Perturbations can be probed at different epochs:
1) CMB, z ~ 1100

2) 21 cm, z ~ 10-20
3) Ly-alpha forest, z ~ 2-4
4) Weak lensing, z ~ 0.3-2

5) Galaxy clustering, z ~ 0-2 



Acustic Baryonic Oscillations

Each overdense region is an overpressure that launches a spherical 
sound wave. Wave travels outward at sound speed. Photons decouple,  

travel to us and are observable as CMB acoustic peaks. For matter, 
sound speed plummets, wave stalls, total distance travelled 150 Mpc

imprinted on power spectrum.
DE enters in the determination of the angular distance



w(a) = w0 + (1− a)wa

D. Huterer, E. Linder, 2005

g(a) ≡ δm/a = e
R a
0 d ln a′[Ωγ

M (a′)−1]





Dark Matter







What we should see

What we do see



Dark Matter Galaxies

Dark Matter halo: 1014 M!

The Millenium Simulation Project:  



How dark matter mass is distributed 

At present the  knowledge of the halo mass function 
comes mainly from N-body simulations 

Warren et al., 2006





Power spectrum for CDM



Particle Dark Matter



DM is not in the form of ligh massive neutrinos



Known facts

• Must be cold: by the time of matter-
radiation equality and until now, DM must 
be nonrelativistic and clump together by 
gravitational attraction

• must be neutral

• WIMP paradigm



Particle DM candidates



Thermal relic
• Thermal equilibrium when T>m

• Once T<m, no more WIMPs created

• If stable, the only way to lose them is by annihilation

• Universe expands: at some point comoving number of 
WIMPs freeze out



Order of magnitude estimate
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Coincidence or evidence for new physics at TeV scale?
Impossible to overestimate the discovery of DM at LHC



• Thermal history of the Universe above 
nucleosynthesis unknown

• DM may be non-thermal

• Hubble rate at freeze-out may depend on 
DE

• Astrophysical uncertainties affect indirect 
searches 

Lot of uncertainties



Most viable new theories at EW scale 
have a DM candidate

5

Most viable new theories of EW have a DM candidate

Excluded by LEP

can be OK

Discrete symmetry (R, T, KK) make

lightest new particle stable

Supersymmetry, Little Higgs, Extra Dimensions

have a DM candidate

Discrete symmetry (R,T,KK) makes the 
lightest particle stable

Supersymmetry, Little Higgs, extra-dimensions
have a DM candidate



How can LHC establish that a new discovery 
is theDM of the Universe?
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DM

1) If excess of E
T
 is observed, DM is the prime suspect

How can LHC establish that a new

discovery is the DM of the Universe?
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DM

1) If excess of E
T
 is observed, DM is the prime suspect

How can LHC establish that a new

discovery is the DM of the Universe?

1) Excess of
missing energy

DM matter

Early Universe

LHC

⇒ ΩDM

2) Reconstructing DM abundance



Warning:  
LHC will not provide all the answers

&
will explore DM candidates in a limited energy range

• Even if SUSY particles are discovered, it will be challenging to reconstruct 
the abundance

+++

4/24/08 G. Bertone, Dark Matter: where to put your money?, Avignon workshop 15

Warning n. 1: LHC will not necessarily provide
all the answers!!

Baltz et al. PRD 2006 Even if SUSY particles are
discovered, it will be
challenging to determine  !"

h2 with good accuracy!

Need particle astrophysics
(direct/indirect) experiments
to prove that new particles =

DM !!
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Combining collider with DM searches 

Collider: precise test of DM mass and particle physics parameters, but 
no information on stability, halo density, etc.

Only detection by different methods may conclusively
identify the nature of DM  



Finding DM: Direct Method



Finding DM: Indirect method



Look for signals from the sky

TextText

Fermi/GLAST
launched on
June 11, 2008



C. Frenk, ENTAap DM meeting, CERN, Feb. 2009























Despite the 
Dark Puzzles, 
the future is

brighter


