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Cosmic Hubble parameter
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Observational status
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Coincidence between two scales:
LSS (DM) and CMB (DB)






Message from the early Universe:

Baryon asymmetry is related to
dark matter



Independent determination of
Initial and boundary conditions



Theory of gravitational instability

« Zero order
(Hubble diagram)

 First order

(density perturbations spectrum)

Cosmological model — in two functions
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Data mapping in k-space
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Comoving wavenumber k [Mpe!]
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Current power spectrum P(k) [(h-! Mpe)?]

Wavelength A [h-! Mpe]
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Cosmological initial conditions



Generation of density perturbations
in the very early Universe

« Seeds — quantum vacuum fluctuations of
density (phonons)

» Parametric amplification of density

perturbations in the expanding Universe —
spontaneous creation of phonons,

k~ky~1mm-™*

« Stretching inhomogeneities on cosmological
scales by inflation,

k >> k, ~1+-100 Mpc™
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Observational constraints on
Inflationary models



V(o). classification of potentials
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Models and observational quantities (T/S - ng)
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A-inflation (k=4)
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WMAP + SDSS
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« Chaotic inflation:
my? - solid grounds
Ao* - severe trouble

* If ng>1 - A-inflation
ns<1 - «chaotic» or «new» or ...

» |Inflationary model will be recognized in
the nearest future



Minimal model

=1 Q=1 /S=0 f =0
\ \ \
degeneracies: geometry  tensor neutrino
t=0.17
4 parameters of MM: ), =0.7
(error bars <10%) ®, = 0.123
o, =0.023

o, =0.84



A large number of observational
points (~ 2000) can be fitted by only
four parameters of MM



Relonization puzzle

QSO end of reionization:
z~10

Evolution of star formation: | N
flat out to z~6 post WNAP

e 2
*
. "

Most distant galaxy: z~10 pre WMAP

QS0: z=6.41 - &
/ normal stars
Two reionization epochs ? .

z~20 (massive stars)
z~10 (normal stars, QSQO)




Arguments for A>0

* Hubble diagram: SN la  » 1

(correction for metallicity?) / 1+ 7 .

 Dynamics: ISW *

(galaxies at z~0.5)

» Structure: P(K)
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{Reprinted from Nature, Vol 257, No. 5526, pp. 454457, October §, 1973)

An acceleraﬁng Universe ?

James E. Gunn*

Hale Observatories, California Institute of Technology, Carnegie Institution of Washington, Pasadena, California 91125

Beatrice M. Tinsley*t

Lick Observatory, University of California at Santa Cruz, California 95060

New data on the Hubble diagram, combined with constrainis
on the density of the Universe and the ages of galaxies,
suggest that the mosit plausible cosmalogical models have a
positive cosmological constant, are closed, too dense to
make deuterium in the big bang, and will expand for ever.
Possible errors in the supporting arguments are discussed.

“If then, Socrates, in many respects concerning many
things—the gods and the generation of the Universe—we
prove unable to render an account at all points entirely con-
. sistent with itsell and exact,-you must not be surprised. If
we can furnish accounts no less likely than any other. we
must be content,™

Plato, Timaeus

In any case, comparison of the classical Hubble diagram
with density estimates based on ‘local’ determinations seems
the best way of determining the existence of a non-zero A.
We shall see, in fact, that the Hubble diagram alone may
dictate that A be non-zero.

The data do not demand this conclusion, and there is the
possibility that systematic errors remain, but the suggestion is
strong enough that we thought it worthwhile to investigate
the models in the light of other relevant observations, in the
spirit of the recent work of Gott er al.® for models with A = 0.

Properties of Friedman models with A 5 0

Three paramelers specifly a model completely. A set usefully
related to observables is the density parameter

1 = 8nGp,/3H,"
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Dynamical impact of vacuum

cross-correlation between maps of galaxies and CMB

2 5 const., P, = Pa
AD=4nGp a0~ ——
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Structure argument

(solid!)
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» Weak lensing (Q2,,~1)
* Problems of ACDM:

—absence of cusps In galaxy centres
(stability of galaxy bars)

—absence of substructure in galaxy halos
(stability of spiral pattern in galaxy disks)

—small number of low-massive galaxies

—flat luminosity and correlation functions
of galaxies



Angular cross-correlation between distant QS0s
and nearby clusters of galaxies (APM/SDSS)
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Substructure in galaxy halo
(simulations)
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Among best-fit models
(WMAP & 2dF)

0 —1"0 =0
Q.=0.2, Q.=0.7
H,= 45 km s Mpc-1
|
contradiction:

» local H, (60=-70 km s Mpc-)
(SZ, gravitational lenses: 50 + 20)

« SN Ila
+ cluster evolution

* Ly,



Degeneracies in cosmological
parameter space

(reason — bad data,
region — 10 % of MM):

geometrical (Q,,h?~ const, Q,)
tensor (ng ~fy)

neutrino (2 =~T1)



Geometrical degeneracy
(©2,=1.01+0.02)

hQ,f= 0.7

Ts= 13.5 0.7~ GYIS



Hubble constant and
the age of the Universe vs Q __,

Total density O, Tolal density @,

Tegmark =t al., 2003



Baryon density w,
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|f m;:O.T eV, then

© 2,<Z...(3T=zm,:. z,=10° [m,/0.7 eV])
.+ Oh?=%Xm,/93 eV <0.02= Q h?
« £,=0/Q_<0.2(for Q_h2>0.1)

CMB > Q_ h?

Q=0.,+Q, O (1-f,)=const=Q_ (fixed by CMB)
Q, + af =b

(Q.+Q2,=1, a=Q,, b=1-Q,)



0,=0.520{;008+0120)

o, normalization:

h-ﬂuﬂ n=1.0
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Cosmological parameters
CMB < LSS

T Lt e it







Breaking degeneracy between initial and
boundary conditions in cosmology

Stable prediction:
ng=1, Q=0 Q,=0.6:-0.7
Best-fit model: f,~ f;, ~ 10%, Q,,~ 0.4, h ~ 0.65
(MM: f,~15%, Q. ~ 0.3, h~ 0.7)
If Q.,<03, then Q =0, h=>0.7
Q. >0.3, Q,=0.1, h<0.7



s P07
m, e 0.04 - 0.4 eV
(f.<0.1: m,<0.4 eV)
early ionization (z~20)
T/S<0.2
small C,, C,
distortions ¢(~30, 200
high %2
the running parameter



Unsolved fundamental problems:

« Dark matter (multicomponent):
Qz=Q Q~Q ~Q,
« Cosmological constant:
pa~M*= (103eV)i=
standard model. M~1TeV
GUT: M ~10" GeV

quantum gravity: M ~101° GeV
« Colincidence of CMB and LSS scales
(relation between baryon asymmetry and dark matter)
+ /S — energy scale of inflation



2dF Galaxy Redshift Survey
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Beyond concordance model:

¢ T~ 0.17
+ Low C, ;. deviations (>3c) at /=30, 200
* Rolling of spectral index

+ Poor 3?2 of concordance model (others in 1c)
« Spectral excess at I~2500 (CBIl. ACBAR)

QSO0: end of reionization at z~6

Evolution of star formation: flat out to z-6

Most distant galaxy: 2=6.56
QsSO: z=6.41

New: two reionization epochs
At z~-20 (massive stars. QS0O)
At z~6 (normal stars. QS0O)



Cross-correlation between WMAP (84 GHz)
and galaxy clusters (ACO, R>2)
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