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Dark energy:

 Doweredlly need it ?

nat can it do for us ?

nat we can do for it ?
nere do we go from here ?




The threefold way to the universe

geometry




Lensing-

e Thereare several
probes of

matter:

Hubble Space Telescope * WFPC2

Galaxy Cluster Abell 2218

X-ray emission frc
Intracluster gas

nal speed (lomds)

10 Tewr (ST 3, FRCCT; = ST 3ck "R 20020

Fotati

A 10 1 =20 =%

Distance from galactic center (kpc)

Galaxy dynamics




e Observations give

Gas

Dark matter




* No local probes
of unclustered
components.

e To detect
unclustered
matter we need. .. B




..a C0Smological experiment

e Unclustered matter does not affect local
dynamics but affectsthe universe!

 Thegeometry of theuniverse dependson its
total matter content




The unclustered energy...

o|f there Is a component that is unclustered
(homogeneous), then it has to be a cosmological constant:




dccelerates the expansion

eThenew term has and therefore acceler ates:

*Homogeneous component = negative pressure = acceler ation.







The modern
way, |

Instead of angles,
we can measure the
divergence of light
rays. The larger the
divergence, the less

: AsStronomers sa
|uminous the source y

that the
IS
lar ger.




The modern
way, ||

Thelarger the
divergence, the
smaller the source

Astronomers say
the

ISslarger.




The distance in a curved universe

o[_ocal Hubble law:

*Global Hubble law:




The physics of the distance

*Friedmann equation with two components:

*Thedistanceis an integral over the cosmic geometry.
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The many aspects of the Hubble law

age of the universe

acoustic peaks on the CMB
sensitiveto

standard candles (SNIa)
standard rods (QSO clustering)
standard clocks (galaxy ages)
lensing statistics

senstiveto







Infinity: Age of the universe

Accelerated universes are older




Infinity: Age of the universe

63 km s Mpc! 14.3 Gyr

11.9 Gyr

For INncreasing
INCr eases.
the age of the
universe increases ettt




: Standard candles

For Increasing

INCreases.:
light diverges more than in a euclidean matter-
dominated universe: sources are expected to be fainter.




pernovae la as standard candles

Supernova 1998ba
Supernova Cosmology Project
(Perimutter, of aL, 1998)

as measured

(as seen from
Hubble Space
Talescopa)

3 Weeks Supernova
Before Discovery

My - 510g(h/65)

Difference

Calan/Tololo SNe la

20
days

light-curve timescale
“stretch-factor” corrected

Mp - 510g(h/65)

20 60

days
Kim, et al. (1997)

Perlmutter et al.; Riess et al. 1998




Supernovae la: results

i%*%ﬁﬂﬂ

Supernova
Costnology
Project
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Facts are like cows: If you look at them into
the eyes for sufficiently long they
generally run away.




Alternative explanations

e Gray dust

 Inhomogenelities (= two different values

for )

 VVariable Chandrasekhar mass (= variable
eet)

 Evolutionary effects




standard rods in the universe

 (An)isotropy of Correlation function (Alcock-Paczynsky
effect; seee.qg. Szalay & collaboratorson SDSS)




The sound horizon at decoupling

*The decoupling occurred after the big bang
Acoustic perturbations in the photon-baryon plasma
travelled at the sound speed

Therefore they propagated for

Independently of cosmology.







Acoustic peaks

Peak position Peak height
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Data: Boomerang 1999




To be precise: afull ltkelihood
analysis

 Generating agrid of CMB
spectra for each value of the
parameters
, One can evaluate a

log L=3(C,-C,)?/0?




Thethird way: perturbations
INn a changing geometry

A
In the Newtonian

approximation, the
perturbations grow as

as long as matter dominates.
When the cosmological
constant dominates, the
perturbation stops growing.




Evolution (?) of clustering
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Observations are converging...

...to an expected universe




Two questions [ atleast!)

fine-tuning

coincidence




Whatis Q,?

QFT expectation of the vacuum energy:.




Why is ©, almost equal to ©,

Matter dilutes as
universe expands as

But the vacuum
energy does not dilute:

Therefore, sooner or
|ater the cosmological
constant dominates the
cosmic fluid




Enters Dark energy

Unknown Component

of Energy Density

Flat Universe
Constant w

equation of state




Dark energy as a scalar field

« A perfect fluid with w<O Is unstable

» Scalars are predicted by fundamental
theories

 do not cluster on subhorizon scales

Then, we can characterize the new component by




The potential

« Any potential sufficiently flat can give
acceleration sooner or later

A

V(9

>

¢
e But why just now ?




Evolution of hackground

x> =Q, =kinetic energy

y° = potential energy
z° =radiation energy

x'=%(3—3x2 +3y2)X — uy°

y‘=my+%(3+3x2-3y2)y

= —%(1—3x2 +3y° —7°)z




Tracking vs. attractors

In a phase space, tracking Is a curve,
attractor is a point




Tracking and attractors are very
different:

e Inthe case, traectories converge on
the tracking solution, but the values of the
variables on the tracking still on theinitial
conditions

e Inthe case, ' the solutions convergeto
the same state. This state is therefore
of theinitial conditions.




The trouble with tracking:

Not all initial conditions fall on the tracking solution

The tracking guarantees that when Q) = Q) the expansion is
accelerated

But the coincidence problem remains. the DE was
In the past and will In the future




The trouble with attractors:

e Thefina stateis of initial conditions

e However, for this state to resemble our universe, it hasto
toretan a content of matter

 But matter scalesas - : this behavior cannot accelerate
 No redistic attractor exists




The coupling

o S0 far, people focused mostly on the
(or w) rather than on the




Dark energy as a fundamental force
T(fn)v;ﬂ

T,U

(v, u

=CT @,
= —CquV

now the conservation lawsin a homogeneous Universeare
modified:

@+ 3Hp+V (¢) =Ceo,
Pm t3Hp, =-Cp,

— -3ACo
IOm _IOOa €




Why ?

. The simplest extension of Einstein’s
gravity: Brans-Dicke gravity

. Extradimensions, superstrings, dilaton...

. Varying dark matter mass,




An extra gravity

Newtonian limit: the scalar interaction generates an
attractive extra-gravity

J'+(1+ : - 2/»<)a“+4ne(1+g/32)p5 =0

. 4
G —G(1+§,8)




L ocal tests of gravity: A<1 a.u.

Only on baryons and on scales
Scalar component:

G(r)=G(1+a,e"")

\\\ Lamoreaux
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Adelberger et al. 2002




Astrophysical tests of gravity: A<1 Mpc

. Distribution of and In
galaxies and clusters

(rotation curves, virial theorem, X-ray clusters,...)

G(r) =G(L+a,e""")

a, <15




Cosmological tests of gravity: A>1/H,

. gravitational growth of structures:

Gy (1) =G(1+a,e™) - G(1+ay)




G*=Ga+§ﬂf>

Since o,=3,2<0.001, yuryuns must be vary weuldy coupled

since o,=p,2<1.9, s 1aiter can be sirunyly coupled
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Dark energy and the equivalence
principle

G =G(1+4p?/3)




Two qualitatively different cases:
coupling

coupling




Weak coupling: density trends




Weak coupling: density trends

The equation of state

dependson during @M DE
and on during tracking:

0 1wt 10 10 1w 0

. past value
. present value

CMB constraints on both !

10° 10t 10 100 1w 0O
¥4




Weak coupling: GMB effects

The expansion during

oM DE

Isslower: the peaks moveto
theright

Since this epoch lasts from
decoupling to recently,

this effect is quite strong
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before
and

after




WMAP and the
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Gonstraints on /0
equations of state

W =-2/(2+a)




strong coupling in an
exponential potential

X' = %(3 -3x% +3y*)x -y’ + B(1-x* - y*) o ationary..---""""'

Y'=,U><y+%(3+3x2—3y2)y : .

Z= —%(1—3x2 +3y° - 7°)z

coupl ng[3
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Phase space for strong coupling

A. Pasqui, 2002




Stationary regime

 Thecoupling allowstoreach a
In which dark matter
and dark energy evolve at the samerate, while
baryons decay away

Setting all constants of order unity in Planck
units we obtain

Independently of theinitial conditions

Stationary: dark matter is out of dark
energy




A stationary universe...

way




Fignre 1: Numerical evolntion of the density contrast for 2 100 Mpe/h perturhation of dark matter
{continnous lines), haryons {dashed lines) and scalar field {dotted lines).
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Fignre 2: Constraints on the stationary model: below the horizontal line the expansion is acceler-
ated; in the light grey region the hizs is between 0.5 and 1; between the vertical lines {1, is within

the observed range. The dark grey region is the surviving parameter space.




Early acceleration

In any uncoupled DE modd,
the acceleration is a recent phenomenon

But in a stationary model
the acceleration can start at z = 5:;




And what about Supernova SN1997ff ?

\
0, =0.35, (), =0.65
!

1 4




Dark enerqy:

e A: yes, unless...

 A: it can perhapsexplain fine tuning and coincidence. It providesa
new degree of freedom that could prove necessary to explain
observations.

 A: find a compelling theor etical explanations within e.g.
superstrings, braneworlds,...

* A: Find new observables (e.g. bias, early acceleration, growth of DE
structures); produce new observations.
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