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The subject of Cosmologyis the description of the physical properties and 

the  evolution  of the Universe as a whole. 

Themost widely acceptedscenariois the LCDMςa contemporaryversion
of the BigBangModel .

based  on the Einstein's general theory of relativity and    

supported by the contemporary observational data

studies thebiggestscalesnow

just our Universe availablefor observations(not experiments)

Modern cosmology landmarks: 
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1917 de Sitter model of empty (vacuum) Universe

1922-24 Friedmannmathematical models of nonstaticexpanding Universe(closed, open)

ñʆ ʢʨʠʚʠʟʥʝ ʧʨʦʩʪʨʘʥʩʪʚʘò1922(closed Universe), 

ñʆ ʚʦʟʤʦʞʥʦʩʪʠ ʤʠʨʘ ʩ ʧʦʩʪʦʷʥʥʦʡ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʢʨʠʚʠʟʥʦʡò 1924

1927 [ŜƳŀƞǘǊŜmodel of expanding Universe accounting for the extragalactic nebulae redshift
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1932Einstein& de Sitter model  (flat Universe)



Modern cosmology landmarks: 

1917VestoSliphermeasures redshiftsof nebulae: receding  of nebulae

1924Edwin Hubble observes stars in the spiral nebulae, finds distances to NGC 6822, M31

andM33 usingCepheidsand shows that they are galaxies, Universe of galaxies

1929 Edwin Hubble & Milton Humasonobservational work on nebular redshifts and  

distances to them, v-r relation, expanding Universe

1946 George Gamowôs concept of Big Bang, CMB prediction, BBN

1948 steady state theory of Hermann Bondi, Thomas Gold& Fred Hoyle introduced a   

controversy  leading to many observational tests

1965 Arno Penzias & Robert Wilson discoveryof CMB (revived Gamowôs BB concept)  

1992 Relikt and COBE found the CMB anisotropy

1998 SN results pointed to accelerated expansion

2001 WMAP precision cosmological data



Universe Dynamics



Pecularities

×Main information source ςobservations
Researchfrom ground-based and satellite-based telescopesand other instruments in the 

entire  electromagnetic spectrum(achieved in 20th c) and beyond:            
Detectionof neutrinos from stars, SN, hopefully relic neutrinos (neutrino telescopes) 

Gravitationalwavesdetection

CosmicRay searches(electrons, protons, heaviernucleus and anti-particles)   detectors on balloonsat the 
higherpart of the atmosphere, spacecraftsearches(AMS, PAMELA , SOHO collaborations)

× Looks back in time
The light travels with huge but finite speed:  
Hence, observing distant objects, we  are observing the distant past of the Universe!

- 1 s, - 8  m 23 s,  The Milky Way - 10 000 y, ʄ31 - 2 million y 

(the furthest objectyoucanseewith your nakedeye), the furtherstgalaxies billion y

The telescopeis a kind of a time machine; it lets us seeour distant past.

Radiation may come to us from epochs not  earlier than  CMB formation time . Before that the 
Universe was not transparent for radiation. 

In neutrino  CNB  may  reach considerably earlier epoch ð1sec  (CNB not directly detected yet).

LHC ï10-12 s

300000 /c km sº



The reach of contemporary telescopes

Information from CMB data

BBN

Main information source ïobservations

LHC 



Image made from mosaics taken in 2009 with the  Wide Field Camera 3  and in 2004 with the Advanced Camera for Surveys of 
HST.
Astronomers used 96 Hubble orbits to make the ACS optical observations of this slice of the GOODS field and 104 orbits to make the WFC3 ultraviolet 
and near-infrared exposures. The  image combines a broad color range from the ultraviolet, through visible light, and into the near-infrared. The closest 
galaxies seen in the foreground emitted their observed light about a billion years ago. The farthest galaxies, a few of the very faint red specks, are seen as 
they appeared more than 13 billion years ago, or roughly 650 million years after the Big Bang. This mosaic spans 10 arcminutes.

Ultraviolet light taken by WFC3 shows the blue glow of hot, young stars in galaxies teeming with star birth. The orange lightreveals the final buildup of 
massive galaxies about 8 billion to 10 billion years ago. The near-infrared light displays the red glow of very distant galaxiesτin a few cases as far as 12 
billion to 13 billion light-years away τwhose light has been stretched from ultraviolet light to longer-wavelength infrared light due to the expansion of 
the universe. 

WFC3 peered deeper into the universe in this study than comparable near-infrared observations from ground-based telescopes. This set of unique 
new Hubble observations reveals galaxies to about 27th magnitude in brightness over a factor of 10 in wavelength. That's over250 million times fainter 
than the unaided eye can see in visual light from a dark ground-based site.

Galaxy History Revealed by Multi-Color View of 7500 galaxies by HST 



The ultra deep field  the deepest image of the universe ever taken in near-infrared by Hubble Space Telescope. 

The  faintest and reddest  objects are  galaxies with ñlook-back timesò 12.9 ï13.1  billion y - protogalaxies. 

No galaxies have been seen before at such early epochs. These galaxies are much smaller than the Milky 



The DarkAges
The image, takenwith Chandra X-ray Observatoryin space, shows  the most
distant (and ancient) galaxies we cansee. The dots are thought to bex-rays 
emitted by enormouslypowerfulblack holesat the centersof galaxies that are 
just beginningto form. In fact, the galaxies maynot yet containstars that have 
begunto shineτor they maybesodistant that their starlighthas been 
absorbedby dust. 



Very wide-angle view  of almost the entire night sky,  by WMAP satellite,  shows the furthest 
light we can see. It is also the oldest: The light was emitted shortly after the Big Bang, and has 
been traveling through space for 13.7 billion years to us. 

¢ƘŜ ŦǳǊǘƘŜǎǘ ǿŜ Ŏŀƴ ǎŜŜΧмоΦт ōƛƭƭƛƻƴ ƭȅ



×Deals with enourmousspaceand time scales
Historyof the Universe

Inflation

Unifiedinteractions(10-35 sec)

Generationof matter-antimatter

asymmetry

Primordial Nucleosynthesis(first  minutes).

CMB formation (380 000 years)

Galaxyformation (109 years)

Today (~ 1.41010 y)

Space scales

Astronomical Unit - defined by the semimajor axis
of the Earth's orbit around the Sun.

1 AU = 149 600 000 km

A parsec  defined as the distance from the Sun which
would result in a parallax of 1 second of arc as seen
from Earth.

Distances of nearby objects can be determined directly
using parallax observations combined with elementary
geometry, hence pc was historically used to express the 
distances of astronomical objects from the Earth. 

light year ïthe distance, the light travels per year 
propagating in  vacuum = 9460 billion km!!

1 pc = 3.26 lys

Mpc - most comonly used unit in cosmology

1 Mpc = 106 pc

Pecularities

Because of the enormous extrapolations of the 
standard physics, surprises may be expected:
beyond GTR? Evolution of parameters?



Pecularities

×Cosmiclaboratoryof bizzareobjects

×MultidisciplinaryScience: close conectionwith Physics,
Mathematics, AstroparticlePhysics,  ChemistryΣΧ

Fascinating

EtcΧΦ



Basic Assumptions

1. The universality of physical laws 

There is no observation which indicates a  departure from the laws of 
physics  in the accessible Universe!

2.  The cosmos ishomogeneous.

A belief that the place we occupy is no way special

3.  The universe is isotropic

There is no prefereddirection (confirmed by recent CMB measurements)

Cosmological Principle states that all spatial positions and directions  in the 

Universe are essentially equivalent or matter in the Universe is homogeneous

and isotropic when averaged over very large scales. 



Standard Cosmological Model

Big Bang

Homogeinity

+

Isotropy

General  

Relativity

Constituents

rwp=

Hubble expansion

CMB

BBN

Large Scale Structure
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ObservationalMilestones

of Hot Big Bang Cosmology

Å Homogeneity and isotropy and structures in the Universe

Å The expansion of the Universe

Observation that galaxies were generally receding from us provided the first 

evidence for the Universe expansion.

SN observations  pointed to an accelerated expansion. 

Å The abundance of the light elements

The light elements abundancesprovide evidence for a hotter and denser early
Universe, when these elements have been fused from protons and neutrons.
Point to non-baryonic DM.

Å The cosmic microwave background radiation

The cosmic microwave background radiation is the remnant heat left over from
the Big Bang. It is an evidence for a hot early Universe.

Points to a flat LambdaCDM dominated Universe now. 





It is intriguing that for the 

bulk of the history  of 

civilization it was believed 

that  we occupy the most 

special location ςthe center. 

Geocentric system

Ptolemy of Alexandria, 150 CE

Almagest

The celestial realm is spherical, 

and moves as a sphere.

The Earth is a sphere.

The Earth is at the center of the 
cosmos, it does not move

However, Ố́ ʾˋˍʰˊ˔ˇˌ; 310ς230 BC 

ϦDǊŜŜƪ /ƻǇŜǊƴƛŎǳǎά 

heliocentric model 

Biruni XI CE

heliocentric model

Ptolemy's geocentric model

16th-century representation of the

Ptolemy's geocentric model



Copernicusrediscovered after18 centuries 

the heliocentric system

ÅThe Sun is at the center of the    

Universe.

ÅWhat appear to us as motions of 

the sun arise not from its motion but 

from the motion of the earth

Scenographia systematis copernicani, 1660

1543 On the Revolutions of the 

Celestial Spheres 

The Earth is not the center of the 

Universe! 

Newtonian static Universe of 

stars distributed evenly through 

infinite space



Our Galaxyςthe Milky Way

Our galaxycontainsbillions of starswith mass range b/n 0.1-20 solar masses.It is a tyical Sb galaxy. 

All Sb galaxies have a bulge, disc and halo 

Hershelsidentified the disc structure (Sun still at the center) 1700s  Stars are located in a disc-shaped assembly (MW)

MW believed to be the center of the Universe in 1900s
1915 Shapley:   The Solar system is not at the center of the Galaxy: 
Sun is 2/3 of radiusaway from the Galaxy center (at 8 kpc) .  

Image in infrared



Andromeda 2.5 million ly

M31 is seen with naked eye in the constellation Andromeda. It is the biggest galaxy in the Local Group, 

The Milky Way is approaching M31 at a v>100 km/sand in  million years the two galaxies will merge. 

ʄ 31 image of the cosmic 

telescope GALEX.

Shapley-Curtis Debate: 
Are the spiral nebulas 
within the Milky Way 
or extra Galactic objects?

1923 - 25  Hubble 
identifiedCepheids
in ñnebulaeò proving
thattheyare 
atextragalacticdistances.

The Universe is inhomogeneous at galaxy scales

W. Baade: resolve stars in

the center of M31 

for the first time. 

MW is a typical galaxy.



The Universe is inhomogeniousat the scaleof galaxygroups 

MW resideswithin a smallconcentratedgroup of 

galaxies knownas the Local group. 

The nereastto MW is LMC.

Galaxygroups occupya typicalvolume 

of a few cubicMpc.

1923 - 25  Hubble identifiedCepheids
in ñnebulaeò NGC 6822, M31, and 
M33 provedthattheyare 
outsidethe Galaxy, i.e. 
Our Galaxyis not the wholeUniverse. 

The Universe consists of galaxies!
. 



inhomogeniousat the scaleof 

galaxyclusters 

The cluster of galaxies, Abell 1689,  2 billion ly from Earthin the constellation Virgo. 

Clusters of galaxies are the largestgravitationally-collapsedobjects.

The Local group is in Virgo cluster.



LSS of the Universe

A mapof galaxypositions in a narrowslice of the 
Universe, as identifiedby the CfA(Center for 
Astrophysics) redshiftsurvey. The radius isaround
200 Mpc. The galaxypositions wereobtainedby 
measurementof the shift of spectral lines.

[Figure courtesyLars Christensen] 

Clusters are groupedinto superclustersof 

galaxies, joinedby filaments and wallsof 

galaxies. In b/n lie large voids, deprived

of galaxies, almost50 Mpc across.

The superclusters and voids are 

the largest structures in the 

Universe. 

On a  scale of 100 Mpc

variety of large scale structures exist: 

clusters of galaxies, superclusters and 

voids.





The SDSS (Slone Digital Sky Survey)  studies ı of the sky, millions galaxies and quasars. 

SDSS is two separate surveys in one: studies 2D images of galaxies (right), then have their distance determined 

from their spectrum to create a 2 billion ly deep 3D map (left), where the color representing the luminosity - this 

shows only 66,976 out of 205,443 galaxies in the map that lie near the plane of Earth's equator.

Galaxies first identified on 2D images, like the one on the right, have their distances measured to 

create the 3D map. The SDSS currently reports 3D information for over 200,000 galaxies, now 

rivaling the 3D galaxy-count of the 2DF sky map. 



SloanDigital SkySurvey

SDSS uses  2.5-metertelescopeon 

Apache Point, NM, equippedwith two

powerfulinstruments: 

120-megapixelcamera  imaging

1.5 square degreesof sky at a time (about 

eighttimes the area of the full moon), 

a pair of spectrographsfed by optical

fibers measuringspectraof more than

600 galaxies and quasars in a single 

observation. 

SDSS is the mostambitiousastronomicalsurveyever
undertaken. Over eight years of operations (SDSS-I, 2000-
2005; SDSS-II, 2005-2008), it obtained deep, multi-color 
images covering more than a quarter of the sky and created 
3-dimensional maps containing more than 930,000 galaxies 
and more than 120,000 quasars. 

SDSS-III, a program of four new surveys using SDSS facilities, 
began observations in July 2008, and will continue through 
2014. It will providedetailedopticalimages coveringmore 
thana quarter of the sky, and a 3-dimensionalmapof about 
a million galaxies and quasars. 

The Sloan Supernova Survey carried out repeat imaging of the 
300 square degree southern equatorial stripe to discover 
and measure supernovae and other variable objects. In the 
course of three 3-month campaigns, the supernova survey 
discovered nearly 500 spectroscopicallyconfirmed Type Ia
supernovae, which are being used to determine the history 
of the accelerating cosmic expansion over the last 4 billion 
years.

Apache Point Observatory in the Sacramento Mountains of 

New Mexico. The Sloan Digital Sky Survey's 2.5-meter 

telescope  on the left, the monitor telescope, used for 

calibrations,  inside the small dome to the right of center. 

http://www.sdss3.org/
http://www.sdss3.org/
http://www.sdss3.org/
http://www.sdss.org/supernova/aboutsupernova.html


Slices through the SDSS 

3-dimensional map of the 
distribution of galaxies. 

Earth is at the center,  each 

point represents a galaxy. 
Galaxies are colored according

to the ages of their stars, with 
the redder, more strongly 
clustered points showing galaxies  
made of older stars. The outer 
circle is at a distance of two 
billion light years. The region 
between the wedges was not 
mapped  because dust in our 
own Galaxy obscures the view 

in these directions. Both slices 
contain all galaxies within -1.25 
and 1.25 degrees declination. 

Credit: M. Blanton and 

the Sloan Digital Sky Survey.



IsotropyΧ13.7 billion years ago

Verywide-angle view of almostthe entirenight sky, by NASA'sWMAP 
satellite, shows the furthestlight wecansee. It is alsothe oldest: The light was
emittedshortlyafterthe Big Bang, and has been traveling throughspacefor 13.7 
billion yearsto us. 

In this "baby picture" of the universe, the redand yellow patches are regionsthatare 

justa few millionthsof a degreehotter thanthe blueand black areas. This tiny difference
helpedseedthe formation of galaxies out of the shapelessgasthatfilled the earlyuniverse.

CMB, the remnantheatfrom the Big Bang, has a temperaturewhich is highly uniform over 
the entiresky. This fact stronglysupports the notion thatthe gaswhichemittedthis radiation 
long agowasveryuniformly distributed. 



VRecent extremely large surveys2dF, SDSS 

have surveyed large volumes of few Gps. 

Superclustersand voids are likely to be the biggest structures.

At scales 100-200 Mpc the Universe begin to appear smooth.   

VCMB observations:  

RELIKT , COBE, WMAP and other CMB explorers 

have found extremely high isotropy, 

i.e. the Universe was isotropical also 14 bln y ago!  

Cosmological Principle is  exact at large scales >200 Mpc (mlns galaxies). 

It is a property of the global Universe.  It holds through the entire Universe evolution. 

Homogeneity and Isotropy

Universe 380 000 y old

V Homogeneous and isotropic 
expansion

Convincing observations about the 
smoothness of matter distribution 

on large scales exist :





Robertson-Walker metric

In case CosmologicalPrincipleholdsthe mostgeneralexpression for a space-time 

metricwhichhas a(3D) maximallysymmetricsubspaceof a 4D space-time is

the Robertson-Walker metric:  

R(t) ïscale factor;                       r, q, j- comovingpolar coordinates 

c = 1,  curvatureindex k = +1, ī1,  0closed, open, flat geometry

The observedhomogeneityand isotropyenableus to describethe overallgeometryand 

evolutionof the Universein termsof two cosmologicalparameters: k  accountingfor the 

spatial curvatureand R(t)  - for the overallexpansion (or contraction) of the Universe

Consider two points with a fixed comovingdistance r . 

The physical distance for k=0 is                    the relative velocity  is                 

This is the famous Hubbleôs law  where                         Hubble parameter

redshiftof light 
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Theoretical Milestones

Å Einstein field equations read: 

stress energy tensor

complicated function of the metric and its first and second derivatives

The space-time curvature is defined by the presence and  distribution of the matter  - its density and momentum.

Å Friedman equations  Non-stationary Universe

NB: not only energy, but also pressure contributes 

to the gravitational force. p<-1/3rmay lead to anti-gravity and 

to accelerated expansion.

Finding a general solution to a set of equations as complex as the Einstein field 

equations is a hopeless task. The  problem is simplified greatly by considering mass                     

distributions with special symmetries.

Å Contemporary Physics, Astrophysics, Thermodynamics, Quantum Field Theory 

Space curvaturek depends 

on the energy density.

2 21 /k H RW= +

6 atomsʅ/ m-3

The density defines the geometry.

2

2

2

8
      

3 3

NGR k
H

R R

p rå õ L
¹ = - +æ ö
ç ÷

1
8

2
Ng G T gmn mn mn mnp- = +L

Dynamics is provided by General Relativity

rate of expansion  

2/3HLW =L

http://en.wikipedia.org/wiki/Image:Aleksandr_Fridman.png


Theoretical Basis

To solve the equations one should know the matter content of the Universe and the 

equations of stateof each component

ÅFrom energy-momentum conservation 

ͤ͊ ͫΆͫͭͦΎ͙͔ͤͭͦ ͤ͊ 

͙ͪ͊͘͡;͙͔ͤͭ ͔͙ͦͣͨͦͤͤͭ͟Υ 

The matter content is usually modeled as a perfect fluid with a stress-energy 

tensor in the rest frame of the fluid:

radiation

dust

vacuum

4~R Rr -

3~M Rr -

2~k Rr -

0~V Rr

......M R wr r r r rL= + + + +

No matter how small is the radiation component today, havingin mind the 

differentdependenceof radiation and matterdensityon R(t) and  T~ 1/R, 

radiation dominatedat early stage.



Universe Matter Content
Current observations  point  to at least four components: 

Radiation (relativistic degrees of freedom) ~0.002% 
Today this component consists of the photons and neutrino and gives negligible contribution into 
total energy density. However, it was a major fraction at early times.

Baryonic matter

Dark matter 

Was not directly detected yet, but should be there.

Constitutes major matter fraction today.

Dark energy

It provides the major fraction of the total energy density. 

Was not anticipated  and appears as the biggest surprise and 

challenge for particle physics, though conceptually it can be 

very simple, being just a `cosmological constant' or vacuum energy.

~73% 

~4% 

~23%

Á4% - ʅ+ʅʝ,0.0025% heavy elements, 0.5% stars, 0.005% CMB

Á23% - DM,  73% DE, 0.47% neutrino

Contribution of neutrinos to total energy 

density today (3 degenerate masses)

0

2 2

3

93.14  eV

m

h
nW =



Thermodynamic relations for the energy density, S and number densities n:

These relations are a consequence 

of the integration of the Bose-Einstein 

or Fermi-Dirac distributions:

RD stage: 

Number of relativistic degrees of freedom  g as a function of  T

Friedmannexpansion driven by an ideal fluid is 

isentropic, dS=0
Relation between the scale factor and temperature in 

an expanding Universe : R(t)~1/T

6

2

          Radiation era:

2.4 10
[s]

( ) [GeV]
t

g t T

-³
º



The Friedmannequation can be interpreted within Newtonian mechanics. It takes the form of 

energy conservation for test particles bounded in the gravitational potential created by mass

k=1  corresponds to negative binding energy, recollapseand over-critical density                                          

k=-1 positive binding energy, expansion, under-critical density

Three cases should be distinguished which foreordain the type geometry of the universe:

crrr= Flat, open universe, having Euclidean  

geometry, infinite in space and time.

crrr>
Spherical,  closed universe, finite but 

unbounded in space and finite in time.

crrr<
Hyperbolic, again an open universe, 

infinite in space and in time, but curved.



Main expansion laws

In the past the Universe was denser

andhotter  T~1/R(t).

Cosmological singularity atʊ, ɟ, HŸÐ

SCM predicts relic microwave background

from the early hot stage ïCMB detected ! 

The future fate of the Universe depends on L:

The Universe now shows accelerating expansion. The Big Bang 

2
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îî
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î
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    H=1/2t

    H=2/3t

    H=const

If  L<0 the Universe will recollapseindependent of k sign. 

For L> Ls even a closed Universe will expand forever.



If ȿis non-zerothe geometry and Universe fate are not connected

Observations: 

The Universe has accelerated expansion. 

crrr<

crrr=

crrr>

Possible scenarios: 

Orange ïclosed, overcritical density, will collapse

green - a flat, critical density universe in which the 

expansion  is continually slowing down;

blue  - an open, low density universe, expansion is  

slowing down, but not as much  because the pull of 

gravity is not as strong. 

red - a universe  with a large fraction of matter  in a 

form of dark energy,  causing an accelerated expansion . 





ObservationalMilestones

of Hot Big Bang Cosmology

Å Homogeneity and isotropy and structures in the Universe

Å The expansion of the Universe

Observation that galaxies were generally receding from us provided the first 

evidence for the Universe expansion.

SN observations  pointed to an accelerated expansion. 

Å The abundance of the light elements

The light elements abundancesprovide evidence for a hotter and denser early
Universe, when these elements have been fused from protons and neutrons.
Point to non-baryonic DM.

Å The cosmic microwave background radiation

The cosmic microwave background radiation is the remnant heat left over from
the Big Bang. It is an evidence for a hot early Universe.

Points to a flat LambdaCDM dominated Universe now. 

0 0 0, ,H q t



The Expanding Universe - Observations

1912-1917 Slipher: spiral nebula are receding 

1920's- Hubble: velocity-distance proportionality

Distance-Velocity Relationship
Hubble's Law

V~cz = H d

vd e

e

z
c

l l

l

-
¹ º

The receding velocity 

increases with 

the distance.  



Distances to Galaxies:

Step by step approach (the distance ladder)based on the assumption that 
cepheids, RR Lyraestars have the same properties in other galaxies.  The same 
for the SN explosions.  These assumptions are supported by essentially the 
same spectra and light curves.

variable stars:  up to 20  Mpc; 

SN I (hadnearlythe samepeakluminosity): up to 400 Mpc;

brightest Sc I spirals, which have about the same luminosity

Tully-Fisher relation, betweenthe rotational velocityof a spiral galaxyand its
luminosity- 400 ς600 Mpc. 

If we know the apparent magnitude m and the absolute 

magnitude M we can evaluate d (photometric distance):

~ 2.5log          ~ 2.5logm f M L- -

[d] in parsecs



Flux from a star f:   L=4 f2dp



Cepheid variables:
These stars pulsate at a rate that is 

matched closely to their intrinsic 

brightness.Thismakes them ideal 

for measuring intergalactic distances.

Classical cepheids(Population I):period of 
typically 5 to 10 days.

Population II cepheids: periods of 12 to 20 
days.

RR Lyraestars: 
Periods typically of 12 hours. Population II 
stars and have luminosities of about 100 

time the luminosity of the sun.



Galaxies Velocities

Systematic recession of objects, or cosmological expansion, leads to redshift.

The shift of emission lines with respect to the frequency measurements by the local 
observer is related to velocity, and is used as an observable instead of the velocity. 
Note that cosmological redshift is not entirely due to Doppler effect, but, rather, can 
be interpreted as a mixture of Doppler effect and of gravitational redshift.

for  z<0.2, 

otherwise 
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From the Proceedings 

of the National Academy of Sciences
Volume 15 : March 15, 1929 : Number 3

A RELATION BETWEEN DISTANCE AND RADIAL VELOCITY 
AMONG EXTRA-GALACTIC NEBULAE

By Edwin Hubble

Mount Wilson Observatory, Carnegie Institution of Washington
Communicated January 17, 1929

ΧΧΧΧΧΧΧΧΧΧΧΧ

ΧΦΦThe results establish a roughly linear relation between velocities and 
distances among nebulae

ΧΧΧΧΧΧΧΧ ¢ƘŜ ƻǳǘǎǘŀƴŘƛƴƎ ŦŜŀǘǳǊŜΣ  ƛǎ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ǘƘŀǘ ǘƘŜ ǾŜƭƻŎƛǘȅ-distance 
relation may represent the de Sitter effect, and hence that numerical data 
may be introduced into discussions of the general curvature of space. In the 
de Sitter cosmology, displacements of the spectra arise from two sources, an 
apparent slowing down of atomic vibrations and a general tendency of 
ƳŀǘŜǊƛŀƭ ǇŀǊǘƛŎƭŜǎ ǘƻ ǎŎŀǘǘŜǊΦ ΧΧΦ ΧΦΦ ǘƘŜ ƭƛƴŜŀǊ ǊŜƭŀǘƛƻƴ ŦƻǳƴŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴǘ 
discussion is a first approximation representing a restricted range in distance.



The Hubble Law
cz = H d

v [km/s], d  [Mpc], hence H  [km/s/Mpc].         

H0 = 100h km/s/Mpc,     0.4 < h < 1.0

Corresponds to a homogeneousexpandinguniverse(r, T decrease)
Å Not applicable for  gravitationally bound systems.

Space itself expands

Å Matter density decreases with volume increase,

radiationςfaster due to the decrease of photons energy 

while vacuum energy 

Å Applicable for distances higher than those 

corresponding to peculiar velocities. 

Å d=3000h-1 z Mpc

Å dH(t) =3t=2/H(t) at MD, dH(t) =2t=1/H(t) at RD

Å Hubble age  1/H0
Å If r(t) and H(t) at any moment t, then 

Å Provides a scheme to find the distance to a distant galaxy by measuring z.  

( ) and ( )t H tr

0
100

km
H h

s Mpc
= Ö

Ö



MeasuringHubble Constant
One of the "keyprojects" of the Hubble 
SpaceTelescopeis the

Edwin Hubble'sprogram of 

measuringdistances to nearbygalaxies.

WMAP5: H=72 +/-3. (km/sec)/Mpc

HST 240 Cepheids: 

WMAP5 +BAO+SN+  é= 70.5 +/- 1.3 (km/sec)/Mpc



Hubble Space Telescope photo of 

the spiral galaxy NGC 3021.

Hubble made precise measurements of 

Cepheid variable stars in the galaxy, 

highlighted by green circles in the four 

inset boxes. 

The Cepheidsare then used to calibrate  

SN 1995aI. 

SN1a   explodeswith a spectacularflash 
whose inherentbrightnessisknown

The images in the boxes were taken with 

the Near Infrared Camera and Multi-

Object Spectrometer (NICMOS).



Universe Expansion  

To measure how expansion  slowed 

down over time, 12 years ago 

astronomers measure velocities of 

galaxies at different distances

2 studies ñSN cosmology projectò 

ñ High z SN search teamò 

lead by  Adam Riess (Space Telescope Science 

Inst.) & Brian Schmidt (Mount Stromlo 

Observatory)

Saul Perlmutter (Lawrence Berkeley 

National Laboratory)

discovered  accelerated expansion, 

i.e. dark energy, with a behavior of L.

Combined data of HSTandWMAP 2003 were used to define 

the universe's expansion rate to a precision of 3%!
That's a big step from 20 years ago when astronomers' estimates for H disagreed by a factor of two.

At present data of 300 SN Iais available   ñUnion sampleò



HST, SN and DE

Snapshots, taken by NASA's Hubble Space Telescope, reveal five supernovae  and their host galaxies.  The supernovae exploded between 3.5 and 10 billion 

years ago. Only Hubble can measure these supernovae because they are too distant, and therefore too  faint, to be studied by thelargest ground-based 

telescopes. 

Astronomers used the supernovae to measure the expansion rate of the universe and determine how the expansion rate is affected by the repulsive push of 

dark energy. Supernovae provide reliable measurements because their intrinsic brightness is well understood. They are therefore reliable distance markers. 

HST, SN and DE
Hubble observations show for the first time that dark energy has been a present 

force for most of the universe's history. 



Hubble Diagram SNIa

Sometime around 5 billion years ago, the universe began accelerating - its

expansion getting faster and faster, rather than gradually slowing down. 



Ordinary matter gravitates.  

Antigravity requires unusual medium with 

ʈ< 0 and  

Å cosmological constant

Å non-zero vacuum energy

Å systematic effects 

Å ...........

p/r= ɤ< -1/3



Union 300 SN Ia
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UNIVERSEHISTORY

Processes cosmic time T

GUT                         10-35 s 1015 GeV

Inflation

BA generation

EW symmetry breaking

10-10 s 100 GeV

QCD          10-5 s 0.3 GeV

BBN                         1 sï3 m 1 - 0.1 MeV

CMB formation 300 000 y     0.3 eV

Galaxy formation         ~109 y 

Today                       13.7 109 y         0.0003 eV

~ 3K





T~MeV

t~sec

Neutrinos coupled 

by weak interactions

(in equilibrium)

1e

1
T)(p,f

p/TȆ
+

=



Neutrino in SCM 

Å Universe is filled with massless non-oscillating neutrinosne, nm nt     (an assumption), 

three neutrino flavours exist(confirmed for weaklyinteractingspecieslighter than Z/2 by LEP). 

CMB+LSS constraintssensitive to the total energydensitycanbe obtained1<dNs<5

Å The lepton  asymmetry is zero (an assumption).

Å Neutrino spectrahave  the equilibrium Fermi-Dirac distribution (an assumption).

n n=3/11ncmb n n=113 cm-3 Tn=(4/11)1/3 Tcmb

× Neutrino contribution  to the energy density of the Universe

Effective number of relativistic 

neutrino species

exp( / ) /(1 exp( / ))eqn E T E Tn = - + -

Neff is not exactly 3 for standard neutrinos if non-instantaneous decoupling is considered, Neff =3.046.

Neutrino  effects the expansion rate of the  Universe

At T<me, the radiation content of the Universe is
gngng r
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RelicNeutrino Background

Å T~me,                          ,  photons but not the neutrinos wereheated Tn=(4/11)1/3 Tcmb. 

CNB today is expected with  temperature  ~ 1.9 K,   n n=3/11ncmb

SinceTdecό˄ύ iscloseto me, neutrinos shareda smallpart of the entropyrelease) : 

neutrino speciesς3.046 insteadof 3     (not observable by presentobservationaldata)

Dolgov, Hansen & Semikoz,1997,Mangano et al,02,05

Å Today relicneutrino (CNB) is expectedto be the most numerous particle after CMB photons. 

ncmb=411 cm-3 

T>> 1 MeV equilibrium due to weak interactions  

>>

As the Universe expands, particle densities are diluted and temperatures fall. 

Weak interactions become ineffective to keep neutrinos in good thermal contact with the e.m. plasma. 

Tdec(ɜe)  ~ 2 MeV Tdec(ɜɛ,Ű) ~ 3 MeV ~

Since decoupling neutrino  were free streaming, i.e. cosmological neutrino background. 
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CNB

T~MeV,  t~s

1e

1
T)(p,f

p/TȆ
+

=



ÅNumber density 

ÅEnergy density

 3

23

3

11

3(6

11

3

2
CMBɔɜɜɜ T

ˊ

)ɕ
n)(p,Tf

ˊ)(

pd
n ===ñ

î
î
î

í

îî
î

ì

ë
ö
÷

õ
æ
ç

å

­+=ñ
nn

nn

p

r

nm

T

)(p,Tf
ˊ)(

pd
mp

i

ii

CMB

ɜɜ

4

3/42

3

3
22

11

4

120

7

2

Massless

Massive mɜ>>T

Neutrinos decoupled at T~MeV, keeping a 

spectrum as that of a relativistic species 1e

1
T)(p,f

p/T
+

=
n

n

RelicNeutrino Background



Thoughnumerous,  CNB  direct detection is very difficult because  it is an 
extremely elusive particle due to its weak interactions and extremely low 
energyexpectedfor neutrinos today.

Figure from ASPERA roadmap

Indirect CNB detection is possible due to its effect on BBN,CMB, LSS.
CMB&LSS feel the total neutrino density. BBN is precise probe also of neutrino 

energy distribution, mass differences and mixing, chemical potential, etc. 
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-3339.3 cmnn= 0.001 0.02n<W <



OSCILLATING NEUTRINOS

Evidence for oscillations  of neutrino were obtained
at the greatest neutrino experiments: solar, 
atmospheric and terrestrial LSND, KAMLAND, K2K.....

Solar neutrino problem, atmospheric neutrino 
anomaly and the results of terrestrial neutrino 
oscillations experiments can be resolved by the 
phenomenon of neutrino oscillations.

It has been observationallyand experimentallyproved
that neutrinososcillate. Then

V non-zero neutrino mass  and  mixing

V LA maybenon-zero

Initially present, or generated in resonant active-
sterile oscillations

V Relicneutrino n(E) maydiffer from the 
equilibriumform

dm2 0̧         at least 2 neutrino with  mņ 0

Solar neutrino anomaly:    nʝ ª nm,nt

dm2~7.6 .10-5 eV2    sin2q~0.3

Atmospheric neutrino anomaly: nmª nt

dm2~2.4.10-3eV2  maximal mixing

nm = Umfnf,  (f = e, m, t) P (q, dm2, E, t)

exp( / ) /(1 exp( / ))eqn E T E Tn ¸ - + -

Ne <  Neq

0

2 2

3

93.14  eV

m

h
nW = 0.001 n<W

Flavor neutrino does not play an important 

role for DM and the formation of structure.

Eventual sterile neutrino may be a good 

DM representative.

0.001 0.02n<W <



Solar neutrino problem

1968 HomestakeRay Davis

SK 1996: Neutrino is coming from the Sun

SNO 2002: SMA and the sterile neutrino channel are 

disfavored.

Sun shines due to nucleosynthesisin its core! 

Muonand tau neutrino observed from the Sun, 

Total neutrino flux from the Sun is measured.

KAMLAND:  distortion typical for oscillations

SNO-II, Kamland:  LMA solution of the solar anomaly

Solar neutrino anomaly confirmed by terrestrial 

experiments. 

ɸtmospheric neutrino anomalyHomestake+Gallium+Kam+SK+SNO

Atmospheric neutrino (ɜɛī> ɜt) oscillations 

are established (IMB+Kam+SK+Macro+Sudan)

0.001 n<W

0

2 2

3

93.14  eV

m

h
nW =

This allows a consistent picture 

with 3-family oscillations preferred.

ɜe + 37Cl Ÿ 37Ar + e  





OSCILLATING NEUTRINOS

Evidence for oscillations  of neutrino were obtained
at the greatest neutrino experiments: solar, 
atmospheric and terrestrial LSND, KAMLAND, K2K.....

Solar neutrino problem, atmospheric neutrino 
anomaly and the results of terrestrial neutrino 
oscillations experiments can be resolved by the 
phenomenon of neutrino oscillations.

It has been observationallyand experimentallyproved
that neutrinososcillate. Then

V non-zero neutrino mass  and  mixing

V LA maybenon-zero

Initially present, or generated in resonant active-
sterile oscillations

V Relicneutrino n(E) maydiffer from the 
equilibriumform

dm2 0̧         at least 2 neutrino with  mņ 0

Solar neutrino anomaly:    nʝ ª nm,nt

dm2~7.6 .10-5 eV2    sin2q~0.3

Atmospheric neutrino anomaly: nmª nt

dm2~2.4.10-3eV2  maximal mixing

nm = Umfnf,  (f = e, m, t) P (q, dm2, E, t)

exp( / ) /(1 exp( / ))eqn E T E Tn ¸ - + -

Ne <  Neq

0

2 2

3

93.14  eV

m

h
nW = 0.001 n<W

Flavor neutrino does not play an important 

role for DM and the formation of structure.

Eventual sterile neutrino may be a good 

DM representative.

0.001 0.02n<W <



The role of neutrino

There exist robust experimental and observational evidence for the existence of 

neutrino oscillations, pointing to at least 2  non-zero neutrino masses. 

Contribution of neutrinos to total energy density today (3 degenerate masses)

0

2 2

3

93.14  eV

m

h
nW = -3339.3 cmnn=

In case neutrino masses are in the eV range they can  constitute several % of 

the DM, they can influence matter clustering (suppressing small-scale power of 

the matter power spectrum) providing better correspondence between models 

and observational data (from SDSS, cluster abundance, weak lensing, Lyman 

Alpha forest, CMB).  Tegmark et al., 2004

Fast moving neutrinos do not play any major role in the evolution of structure in 

the universe. They would have prevented the early clumping of gas in the 

universe, delaying the emergence of the first stars, in conflict with the new 

WMAP data. 





Solid: h=0.71  neutrino density=0

Dashed: h=0.60  neutrino density=0.02

2dF

Lyman Alpha

How comparing the CMB and galaxy surveys 

constrains the neutrino mass:

Massive neutrinos can hide in the CMBé
... but at low redshift they are no 

longer relativistic and have a big 

effect on galaxy clustering.





Sterile Neutrinos Status 

Å Sterile neutrino isnot constrained by LEP

Å Required for producing non-zero neutrino masses by most models

Å Predicted by GUT models

Å Welcomed by oscillations datafor better fit (subdominant sterile 
oscillations channel required by Homestake data, Holanda, Smirnov, 2004), 
Chauhan, Pulido, 2004, variation of the flux with B, Caldwell D, Sturrock P.,2005

Å required for explanation of LSND in combination with other expts

Å Wellcomed by cosmology:

* may be the particle accounting for all DM (m<3.5 KeV if MSM produced) 

* may play subdominant role as DM component (eV, KeV) 

* Fast moving neutrinos do not play  major role in the evolution of structure 
in the universe.

* may play a role in LSS formation (when constituting few % of the DM it 
suppresses small scale power in the matter power spectrum and better fits 
the observational data from SDSS, cluster abundance, weak lensing, Lyman 
Alpha forest, CMB)  Tegmark et al., 2004

*plays major role in natural baryogenesis through leptogenesis



Sterile Neutrinos 
Å The X ray photons from sterile neutrino decays may catalize the production 

of molecular H and speed up  the star formation, causing earlier 
reionization

X ray photons from sterile neutrino decays ςobservational feature 

Å CMB feels the increase in the density due to additional particles

Å Sterile neutrino is constrained by BBN, because it increases the expansion 
rate  and hence dynamically influences He production, in case it is brought 
into equilibrium

Å In case of oscillations with active neutrino it exerts major effect on 
nucleons kinetics during  pre-BBN and its mixing parameters are 
constrained by BBN+CMB

Å In case of radiative decays its decay products may distort CMB

Å In case of non-raditive decays, the decay poducts may influence 

nucleons kinetics and hence BBN constraints on its decay time, mass and 
number densities hold

9ǘ ŎŜǘŜǊŀΧΦΦ



Effect the energy density 
expansion rate 
of the Universe 

Effect BBN kinetics

Spectrum distortion
asymmetry constraints

Effect on CMB and  LSS 

Constraints on number 
of neutrino species

Constraints on neutrino masses
and number densities < 0.6 eV

Matter/radiation equality shift

Constraints on 
oscillation parameters
Constraints on 
sterile neutrino population

Feel  total energy density
stored in neutrinos

Constraints on neutrino masses
Constraints on lepton asymmetry

not sensitive to different species
or spectrum distortions



Chemical composition of the baryonic component



ObservationalMilestonesof Hot Big

Bang Cosmology

ÅHomogeneity and isotropy and structures in the 
Universe

ÅThe expansion of the Universe

ÅThe abundance of the light elements
The light elements abundancesprovide evidence for a hotter and denser early
Universe, when these elements have been fused from protons and neutrons.
Point to non-baryonic DM.

ÅThe cosmic microwave background radiation

0, ,BH nW W



D measured in highredshift, 

low-metallicity

quasar absorption systems

He  in clouds of ionized hydrogen 

(H II regions), the most metal-poor  

of which are in dwarf galaxies.Z

Pop II (metal-poor) stars in the spheroid of our Galaxy, 

which have Z<1/10 000 Zƿ) 

In 1946ï1948 develops BBN theory.

In the framework of this model

predicts CMB and its T.

George Gamow

1904 ï1968 

BBN theory predictions are in excellent agreement with the observational data, 
spanning 9 orders of magnitude!

The Abundances of Light Elements


