Dark Energy

Massimo Pietroni
CCC-Paris, 17-20/12/02

1) Observations (Q2xo Lo PLxo» W)
2) A dark energy dominated Universe

3) Dark energy candidates: the
problems they solve, the problems
they introduce

4) How to discriminate among them




Background parameters:




e Non-interacting fluids: EoS determines dilution:
(W, =1/3, Wy,=0, Wy=-1/3, W, =-1, ...)

In general (DEC): IWI<1 1f p>0, and W=-1 if p<0

e If two Q. ’s = O(1) = coincidence(s)!

. 2 .
- No TNEOC+ 2+ (1+ Wy )Ry (1 + 2™ J

* Acceleration today 1f Wx<-1/3- €2, /€2x,
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Weighing the (Dark) Matter: €2,,,

NGC 720 (From Chandra) (From ROSAT)




Rich Clusters of Galaxies: r = few Mpc, M= 101> M

(1 Mpc = 3.3 10° light years)

m~/

White et al. (‘93): f,= M,/M =

1) take Q2,, from BBN theory,

0.018 < €2, , h? <0.022 (Burles et al.)

[0.006 < 2, , h? <0.017 (Cyburt et al.)]
h=H,/(100 Kms™ Mpc™)=0.67+0.07

2) Measure f, (see below)
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Most of the cluster baryons are in hot (T~10 KeV) gas

Gas mass determined via:

Hv vmlu.mv\ flux AZ Dmmmwv

2) Sunyaev-Zel’dovich effect (scattering of electrons from the gas
on CMB photons) >  distortions in the CMB (~ p,, T)

Total cluster mass determined via:

1) Motions of cluster galaxies + virial theorem
2) Pressure of the gas + hydrostatic equilibrium

3) Gravitational lensing




f,,=(0.075£0.002) h3?2 (X-ray)

f,.=(0.081£0.001) h'! (SZ)

Q0= 2o/ 1,=0.25£0.05
(Carlstrom et al. 2001)




Further determinations of €2,

Wavelength A [h! Mpe]
1006 106 10

v’ Cluster abundance vs. redshift

v’ Matter Power Spectrum 1
C«@mel 50 @ZOL h- Z@Ov

v" Peculiar velocities and lensing

¥Cluster abundance
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SUMMARY: h~0.7 |€2,4[< 0.1, €240~ 0.3,

N
70% of the energy density of the Universe 1s
smoothly distributed on scales < O(100 Mpc):

DARK ENERGY

Nv <<<No = 7 determine the EoS via its effects

on expansion, distance measurements, galaxy
counts, lensing, growth of perturbations, CMB, ...

) O




Test 1: Age of the Universe
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Equation of state parameter ( w = pressure/density)

H,=70 Km s-! Mpc !
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Equation of state parameter ( w = pressure/density) for dark energy

H,= 63 Km s-! Mpc-!




Test 2: Supernovae Ia

Luminosity distance:

SN of luminosity L at (r,, t)):

_ L
Aﬁ&m\%ﬁ +7)°

F =d, =a,r.(1+2z)

Light travels on geodesics (ds?=0):
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L=absolute luminosity

F=measured flux

e Supernova
Cosmology
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for moderate z’s... Hyd; (z) = z + (1-q,)/2 z’+...
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Test 3: Growth of structures

SO0y

. Matter fluctuations (X not fluctuating)
M

o, +2HO, - 47Gp,,8, =0 V&MJ _+m &lW@E& =0

P P (112)3, p= Pyo (142)3WxHD

Fluctuations stop growing when p,, < p, , i.e. at

The more Wx<0, the longer matter
Fluctuations grow.




Estimator of structure growth:

Og = rms mass fluctuation in spheres of radius 8 h' Mpc (~clusters)

¢ dk KPR (3, k)Y
Jo k247 kr

(r=8h-'Mpc)

G,=0.8+0.2

(Tegmark Zaldarriaga 2002)




Test 4. Number Counts

The volume of space back to a specified redshift depends
on cosmology:

Find a population of objects
‘independent’ on history,

and count the apparent density
of them.

Ex: Galaxies (ex. DEEP
survey),

Gravitational lenses (CLASS),




Gravitational lensing

Lens Probability

Probability

Of being lensed

For a source at z=2
(normalized to Q,,=1)

Chae et al. (CLASS): 13 lensed radio sources (out of ~ 9000)
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Test b: Future Tests

0,=0.7, 5,=0.9

-Cluster Number GEEE
vs. redshift

av ) LY,
dzdQ ,”  dM

Redshift

Exp. Sensitive to 6(M,z)

-Alcock-Paczynsky: A9 vs. Az

Mags Limit Syetematics

Houth Fole Bm
] ¥ 000 clusters
4,000 deg?




Conclusions (part I)

1) Solid evidence for Qu,~ 0 (CMBR), 0.15 < Q,,,< 0.4

> SIZABLE component of the energy
density of the present Universe (Qy,~ 1- Q) is smooth

2) Strong evidence for a negative Wy, (Age+Flatness, og),
maybe even accelerating (Wyg<-1/3, mainly from
She— SNAP: ~ 4000 Sne Ia up to z~1.8))

3) It is true that we have entered the E.P.C. (Era of Precision
Cosmology) ... but the results are frightening!!
95% of the Universe is made up of unknown particles and
misterious ~ fluids'....

4) Open the Pandora's box of Dark Energy (A, equivalence
principle, Susy, Aa/a, naturalness, axions, ... ) — Part IT




