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A review of the development of the concept of dark matter @ow to trace the matter in the Universe, and the study goes
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Presently available data indicate that astronomical Isogfie the smooth distribution of galaxies in space. There existters
different nature emit (or absorb) photons in vejetent ways, of galaxies, but they contain only about one tenth of all gala
and with very diferent dficiency. At the one end there are exies. The majority of galaxies are more or less randomly dis-
tremely luminous supernovae, when a single star emits mmreteibuted and are called field galaxies. This conclusion selda
ergy than all other stars of the galaxy it belongs to, taken tun counts of galaxies at various magnitudes and on thellistri
gether. At the other extreme there are planetary bodies avittion of galaxies in the sky.
very low light emission per mass unit. Th&extiveness of the  Almost all astronomical data fitted well to these classical
emissivity can be conveniently described by the massgtut-li cosmological paradigms until 1970s. Then two important-ana
ratio of the object, usually expressed in Solar units in adfixgses were made which did not match the classical picture. In
photometric system, say in blue (B) light. The examples abawid 1970s first redshift data covering all bright galaxiegave
show that the mass-to-light ratéd/L varies in very broad range.available. These data demonstrated that galaxies are sot di
Thus a natural question arises: Do all astronomical bodigs etributed randomly as suggested by earlier data, but forrmsha
or absorb light? Observations carried out in the past cgntor filaments, and that the space between filaments is priytica
have led us to the conclusion that the answer is probably NOdevoid of galaxies. Voids have diameters up to several téns o

Astronomers frequently determine the mass by studying tinegaparsecs.
object emission. However, the masses of astronomical bodie At this time it was already clear that structures in the Uni-
can be also determined directly, using motions of otherdmdverse form by gravitational clustering, started from il
(considered as test particles) around or within the bodyeundmall fluctuations of the density of matter. Matter “fallgy t
study. In many cases such direct total mass estimates eftweeglaces where the density is above the average, and “flows’away
estimated luminous masses of known astronomical bodies Hycen regions where the density is below the average. This-gra
large fraction. It is customary to call the hypothetical tegt itational clustering is a very slow process. In order to form
responsible for such mass discrepamgrk Matter . presently observed structures, the amplitude of densittufu

The realization that the presence of dark matter is a seriati®ns must be at least one thousandth of the density itstléa
problem which faces both modern astronomy and physics grwe of recombination, when the Universe started to be pans
slowly but steadily. Early hints did not call much attention  ent. The emission coming from this epoch was first detected in

The first indication for the possible presence of dark mdt965 as a uniform cosmic microwave background. When finally
ter came from the dynamical study of our Galaxy. Dutch ahe fluctuations of this background were measured by COBE
tronomer Jan Henrik Oort (1932) analysed vertical motioins satellite they appeared to be two orders of magnitude Idwaer t
stars near the plane of the Galaxy and calculated from theae éxpected from the density evolution of the luminous mass.
the vertical acceleration of matter. He also calculatedérgcal The solution of the problem was suggested independently
acceleration due to all known stars near the Galactic plHie. by several theorists. In early 1980s the presence of dartemat
result was alarming: the density due to known stars is net swhs confirmed by many independent sources: the dynamics of
ficient to explain vertical motions of stars — there must beeso the galaxies and stars in the galaxies, the mass deterorisati
unseen matter near the Galactic plane. based on gravitational lensing, and X-ray studies of ctesté

The second observation was made by Fritz Zwicky (1938jlaxies. If we suppose that the dominating population ef th
He measured radial velocities of galaxies in the Coma aludte Universe — Dark Matter — is not made of ordinary matter but of
galaxies, and calculated the mean random velocities iresésgpome sort of non-baryonic matter, then density fluctuatears
to the mean velocity of the cluster. Galaxies move in cligstestart to grow much earlier, and have at the time of recomizinat
along their orbits; the orbital velocities are balancedt®ytotal the amplitudes needed to form structures. The interactfon o
gravity of the cluster, similar to the orbital velocitiesgiiinets non-baryonic matter with radiation is much weaker than diat
moving around the Sun in its gravitation field. To his sumpri®rdinary matter, and radiation pressure does not slow tHg ea
Zwicky found that orbital velocities are almost a factor et growth of fluctuations.
larger than expected from the summed mass of all galaxies be-The first suggestion for the non-baryonic matter were parti-
longing to the cluster. Zwicky concluded that, in order tdchocles well known at that time to physicists — neutrinos. Hogrgv
galaxies together in the cluster, the cluster must contageh this scenario soon lead to major problems. Neutrinos motle wi

amounts of some Dark (invisible) matter. very high velocities which prevents the formation of smtllis-
The next hint of the dark matter existence came from cdares as galaxies. Thus some other hypothetical non-baryon
mology. particles were suggested, such as axions. The essentirpro

One of the cornerstones of the modern cosmology is the cohthese particles is that they have much lower velocities: B
cept of an expanding Universe. From the expansion speed itasise of this the new version of Dark Matter was called Cold,
possible to calculate the critical density of the Univerdghe in contrast to neutrino-dominated Hot Dark Matter. Numeri-
mean density is less than the critical one, then the exparsio- cal simulations of the evolution of the structure of the Wmse
tinues forever; if the mean density is larger than the @itithen confirmed the formation of filamentary superclusters andsoi
after some time the expansion stops and thereafter the tdmivén the Cold Dark Matter dominated Universe.
starts to collapse. The mean density of the Universe cantbe es The suggestion of the Cold Dark Matter has solved most
mated using masses of galaxies and of the gas between galagi®blems of the new cosmological paradigm. The actual eatur
These estimates show that the mean density of luminousmatfehe CDM particles is still unknown. Physicists have atpéeal
(mostly stars in galaxies and interstellar or intergatagtis) is to discover particles which have properties needed to ex{tla
a few per cent of the critical density. This estimate is cstesit structure of the Universe, but so far without success.
with the constraints from the primordial nucleosynthedithe One unsolved problem remained. Estimates of the matter
light elements. density (ordinary dark matter) yield values of about 0.3 of the

Another cornerstone of the classical cosmological modelcistical density. This value — not far from unity but defirjte



smaller than unity — is neither favoured by theorists norli®y tmatter have very dlierent properties and nature came from the
data, including the measurements of the microwave backgrouletailed study of galactic models, as we shall discuss below
the galaxy dynamics and the expansion rate of the Universe ob
tained from the study of supernovae. To fill the mdtrergy 2.2 Global Dark Matter — clusters, groups and
density gap between unity and the observed matter density it galaxies
was assumed that some sort of vacuum energy exists. This as-
sumption is not new: already Einstein added to his cosmebgiA different mass discrepancy was found by Fritz Zwicky (1933).
equations a term called the Lambda-term. About ten years a&omeasured redshifts of galaxies in the Coma cluster anmifou
first direct evidence was found for the existence of the vatuthat the velocities of individual galaxies with respecthe tlus-
energy, presently called Dark Energy. This discovery hasifil ter mean velocity are much larger than those expected frem th
the last gap in the modern cosmological paradigm. estimated total mass of the cluster, calculated from maskes
In the International Astronomical Union (IAU) symposiunindividual galaxies. The only way to hold the cluster frorpich
on Dark Matter in 1985 in Princeton, Tremaine (1987) charagxpansion is to assume that the cluster contains huge tjganti
terised the discovery of the dark matter as a typical sdieméiv- of some invisible dark matter. According to his estimate the
olution, connected with changes of paradigms._Kuhn (1970)amount of dark matter in this cluster exceeds the total mass o
his bookThe Structure of Scientific Revolutiasiscussed in de- cluster galaxies at least tenfolds, probably even more.has-c
tail the character of scientific revolutions and paradiganges. acteristic in scientific revolutions, early indicationspsbblems
There are not so many areas in modern astronomy where theigleurrent paradigms are ignored by the community, this hap-
velopment of ideas can be described in these terms, thusalle gfened also with the Zwicky’s discovery.
discuss the Dark Matter problem also from this point of view. The next step in the study of masses of systems of galax-
Excellent reviews on the dark matter and related problems gis was made by Kahn & Woltjer (1959). They paid attention
given byl Faber & Gallagher (1979). Trimble (1987), Sredniclo the fact that most galaxies have positive redshifts asaltre
(1990), | Turner (1991), Silkl(1992), van den Bergh (2001)f the expansion of the Universe; only the Andromeda galaxy
Ostriker & Steinhardt | (2003), Rees (2003), Turner (2003M31) has a negative redshift of about 120 /&mdirected to-
Tegmark et al..(2006), Frieman et al. (2008), see also pdicegard our Galaxy. This fact can be explained, if both galaxies
ings by|Longair & Einastol(1978), and Kormendy & Knapm31 and our Galaxy, form a physical system. A negative ra-
(1987). dial velocity indicates that these galaxies have alreadyseh
the apogalacticon of their relative orbit and are preseafly
proaching each other. From the approaching velocity, theiatu

2 Early evidence of the existence of darkdistance, and the time since passing the perigalacticder(ta

madtter equal to the present age of the Universe), the authors calcu-
lated the total mass of the double system. They found that
2.1 Local Dark Matter Mot > 1.8 x 10'2 Mg. The conventional masses of the Galaxy

and M31 are of the order of  10'* M,. In other words, the

The dynamical density of matter in the Solar vicinity can be eaythors found evidence for the presence of additional nrass i
timated using vertical oscillations of stars around theagéd the Local Group of galaxies. The authors suggested that the
plane. The orbital motions of stars around the galacticezenéxtra mass is probably in the form of hot gas of temperature
play a much smaller role in determining the local densitysEr apout 5¢10° K. Using more modern data Einasto & Lynden-Bell
Opik (1915) found that the summed contribution of all knowagg ) made a new estimate of the total mass of the Local
stellar populations (and interstellar gas) isfiient to explain Group, using the same approach, and found the total mass of
the vertical oscillations of stars — in other words, thereds 45 + 0.5 x 10'2M,. This estimate is in good agreement with
need to assume the existence of a dark population. A simi@{y determinations of the sum of masses of M31 and the Galaxy
analysis was made by Kapteyn (1922), who first used the tqfBluding their dark halos (see below).
“Dark Matter” to denote invisible matter which existenceifg- A certain discrepancy was also detected between masses of
gested by its gravity only. Botbpik and Kapteyn found that thejndividual galaxies and masses of pairs and groups of geaxi
amount of invisible matter in the Solar neighbourhood islsmaThe conventional approach for the mass determination $ pai

Another conclusion was obtained by Jan Obrt (1932). Higd groups of galaxies is statistical. The method is baséteon
analysis indicated that the total density, found from dyitam virial theorem and is almost identical to the procedure used
data, exceeds the density of visible stellar populatioresfagtor cajlculate masses of clusters of galaxies. Instead of aesjpajt
of up to 2. This limit is often called the Oort limit. This rdsu or group often a Synthetic group is used Consisting of a numbe
means that the amount of invisible matter in the Solar viginigf individual pairs or groups. These determinations yielcthie
should be approximately equal to the amount of visible mattemass-to-light ratio (in blue light) the valudd/Lg = 1. . .20 for

The local density of matter has been redetermined by vagiral galaxy dominated pairs, and/Lg = 5. .. 90 for ellipti-
ious authors many times.._Kuzmin (1952b, 1955) and hi§| galaxy dominated pairs (for a review see Faber & Gallaghe
students Heina_Eelsalu_(1959) and Mihkel Joeveer (19(2979)). These ratios are larger than found from local nadis i
1974) confirmed the earlier result b@pik. A number cators of galaxies (velocity dispersions at the center atation
of other astronomers, including more recently Oort (196Qrves of spiral galaxies). However, it was not clear hovi- ser

Bahcall & Soneira [(1980); _Bahcall (1984), found results iys is the discrepancy between the masses found using global
agreement with Oorts original result. This discussion Wasn0 |gcal mass indicators.

until recently; we will describe the present conclusionewe
For long time no distinction between local and global dark
matter was made. The realisation, that these two types &f dar
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Figure 1: The rotation curve of M31 by Roberts & Whitehur@{%). The filled triangles show the optical data from Rubin@&dr
(1970), the filled circles show the 21-cm measurements matdlve 300-ft radio telescope (reproduced by permissich@BAS
and the author).

2.3 Rotation curves of galaxies exist non-circular motions which distort the rotation \tg.

To make a choice between the two possibilities for solving
the mass discrepancy in galaxies more detailed models at-gal
'Has were needed. In particular, it was necessary to takeayto
86unt the presence in galaxies stellar populations witledint
physical properties (age, metal content, coldif|. value).

Another problem with the distribution of mass and massght|
ratio was detected in spiral galaxies. Babcack (1939) abtii
spectra of the Andromeda galaxy M31, and found that in t
outer regions the galaxy is rotating with an unexpectedijhhi
velocity, far above the expected Keplerian velocity. Hesint
preted this result either as a high mass-to-light ratio & hb- ] ] ]
riphery or as a strong dust absorption. Obrt (1940) studied -4 Mass paradox in galaxies from Galactic mod-
rotation and surface brightness of the edge-on SO galaxy NGC  els

3115, and found in the outer regions a mass-to-light rat&s0. . . .

Subsequently, Rubin & Ford (1970) and Roberts & Rots (lgﬁéassw_al models ofelllptlcal g_aIaX|_es were found ”0”.‘ iuu;-
extended the rotation curve of M31 up to a distan@®d kpc, us- 't. profiles aqd calibrated using e|ther. central veloqtygﬂr-

ing optical and radio data, respectively. The rotation dpéeses slons, or_motlons of compamon_galames. The Ium|n03|_ty- pro
slowly with increasing distance from the center of the gwa)fgles of disks were often approximated by an exponential law,

and remains almost constant over radial distances of 16p80 fSSE%I)gIZV?nd halo dominated ellipticals bylthe de Vaucaaleu
see Fig[L. . ) . .
The rotation data allow to determine the distribution of ma Models of spiral galaxies were constructed using rotat@n v

and the photometric data — the distribution of light. ComijC't'es'. Asl afrule, ;[he rotinon t\;]elo§|t)t([|y;/as rafjpgrggln?edh@d
ing both distributions one can calculate the local valuehef {SOme simpie formuia, such as the bottinger {1 ) law, or a

mass-to-light ratio. In the periphery of M31 and other gadax polynom_ial. The other possibility was to approximate tha-sp
studied the local value d¥l/L, calculated from the rotation anana! density (calculated_from the VOtat'O” data) by a sumllqje
photometric data, increases very rapidly outwards, if tlassn soids of constgnt density (the Schrmdt (1956.) mode_l). Iritise
distribution is calculated directly from the rotation veiky. In case there exists a.daf‘ger that, .'f the velocity law is noseho
the periphery old metal-poor halo-type stellar populatidom- well, ”.‘e!" the density in .the penphery of th? galaxy_may have
inate. These metal-poor populations have a MW ~ 1 (this unrealllstllc_ values (negative density or Foo h.'gh densﬂadlng
value can be checked directly in globular clusters which—co[ﬂ an '”“T"te total mass). If the model is built _by _superpoat
tain similar old metal-poor stars as the halo). In the paiph 0 eII|_p50|ds of cqnstant density, then the density is ncmaci_;th
region the luminosity of a galaxy drops rather rapidly, ths function of th_e d|stanc_e from the cetlter of the galaxy. T(]divp
expected circular velocity should decrease accordingad<#: these fiiﬁCU|tIeS Kuzmin {19522, .19!36) d_eveloped quels with
plerian law. In contrast, in the periphery the rotation siseef a continuous change of the spatial density, and appliedete n

galaxies are almost constant, which leads to very high leadal te_chnlque to M31 and our (_Balaxy. H'S method allows _to apply
tQIS approach also for galaxies consisting of several paijmuls.

ues ofM/L > 200 near the last points with a measured rotation S ) . )
velocity. A natural generallsatlon (_)f classical galac_tlc mode!s_es th
Two possibilities were suggested to solve this controver Ie O.f allba\zﬁllahblf obste.rvgtli)nal ?ﬁ ta dfotr .Zp'tfa' ar;d m
One possibility is to identify the observed rotation vetgevith gaiaxies, both pnotometric data on the distrioution otao
the circular velocity, but this leads to the presence inxjaia light, and kinematical data on the rotation gord/elocity disper-
' sion. Further, it is natural to apply identical methods fardn

of an extended population with a very hidi/L. The other ~ . ' . - .
possibility is to aF;sFl)Jme that in the pe)r/iphgyr‘y of galaxieeh eling of galaxies of dferent morphological type (including our



own Galaxy), and to describe explicitly all major stellappe ground (CMB) radiation in combination with data from type la
lations, such as the bulge, the disk, the halo, as well asdhe $upernovae in nearby and very distant galaxies yield inéion
population in spiral galaxies, consisting of young stard am on the curvature of the Universe that depends on the amount of
terstellar gas (Einasto, 1965). Dark Matter and Dark Energy.
Multi-component models for spiral and elliptical galaxies Now we shall discuss these data in more detail.
using photometric data were constructed by Freeman (19@0).
combi_ne photometric and kinematic datf_;l, mg_ss-to-ligl’rtbsatf 3.1 Stellar motions
galactic populations are needed. Luminosities and colofirs
galaxies in various photometric systems result from thesijgay The local mass density near the Sun can be derived from akrtic
evolution of stellar populations that can be modeled. Theath oscillations of stars near the galactic plane, as was disclise-
cal evolution of galaxies was investigated by Tinsley ()®G& fore. Modern data by Kuijken & Gilmore (1989); Gilmore et al.
Cameron & Truran[(1971). Combined population and physi€aB89) have confirmed the results by Kuzmin and his collabora
evolution models were calculated for a representative #anfp tors. Thus we come to the conclusion tifare is no evidence
galaxies by Einasto (1972, 1974). The last calculationsvsko for the presence of large amounts of dark matter in the disk of
that it was impossible to reproduce the rotation data by knothe Galaxy If there is some invisible matter near the galactic
stellar populations only. The only way to eliminate this flich plane, then its amount is small, of the order of 15 percerttef t
wasto assume the presence of an unknown population — cordotal mass density. The local dark matter is probably baigyon
— with a very high value of the mass-to-light ratio, and a krglow—mass stars or jupiters), since non-baryonic matteisisi-
radius and massThus, the detailed modeling confirmed earligrationless and cannot form a highly flattened populatioihe®p
results obtained by simpler models. But here we have one sl distribution of the local dark matter (in quantitieggested
ous dificulty — no known stellar population has so larghlal by Oort and Bahcall) is excluded since in this case the toésan
value. of the dark population would be very large and would influence
Additional arguments for the presence of a spherical madso the rotational velocity of the Galaxy at the locatiortio#
sive population in spiral galaxies came from the stabilitiecia Solar System.
against bar formation, suggested| by Ostriker & Peebles3)197 Another information of the distribution of mass in the outer
Their numerical calculations demonstrated that initisttyy flat part of the Galaxy comes from streams of stars and gas. One of
systems become rapidly thicker (during one revolution @f tthe streams discovered near the Galaxy is the Magellareatr
system) and evolve to a bar-like body. In real spiral gaksie of gas which forms a huge strip and connects the Large Magel-
thin population exists, and it has no bar-like form. In thein- lanic Cloud (LMC) with the Galaxy (Mathewson et al., 1974).
cluding remarks the authors writé¢Presumably even Sc andModel calculations emphasize that this stream is due to an en
other relatively 'pure’ spirals must have some means of iemacounter of the LMC with the Galaxy. Kinematical data for the
ing stable, and the possibility exists that those systestslave Stream are available and support the hypothesis on thermese
very large, low-luminosity halos. The picture developeteheof a massive halo surrounding the Galaxy (Einasto et al6ap7
agrees very well with the fact, noted by several authors, (s&ecently, streams of stars have been discovered within the
for examplel,_Rogstaét Shostak| (1972)), that the mass-to-lighGalaxy as well as around our giant neighbour M31. Presently
ratio increases rapidly with distance from the center inghethere are still few data on the kinematics of these streams.
systems; the increase may be due to the growing dominanceSeveral measurements of the dark mass halo were also per-
of the high mass-to-light halo over the low mass-to-light réormed using the motion of the satellite galaxies or the glab
tio disk. It also suggests that the total mass of such systertusters. Measurements indicate the mass of the dark halo of
has been severely underestimated. In particular, the findin about 2x 1012Mg.
Robertstr Rots(1973) that the rotation curves of several nearby However, significant progress is expected in the near future
spirals become flat at large distances from the nucleus may Tie astronomical satellite GAIA (to fly in 2011) is expected t
dicate the presence of very extended halos having masses nigasure distances and photometric data for millions o$ $tar
diverge rapidly [M(r) prop to r] with distance.” the Galaxy. When these data are available, more information
the gravitation field of the Galaxy can be found.
] ) The motion of individual stars or gaseous clouds can be also
3 Dark Matter in astronomical data studied in nearby dwarf galaxies. Determination of the dhaidko
_ ) _ _ _ was performed for over a dozen of them. Some of the newly
Modern astronomical methods yield a variety of independ®ent giscovered dwarfs, coming from the Sloan Digital Sky Survey
formation on the presence and distribution of dark mattetr.. Fare very under-luminous but equally massive as the prelyious
our Galaxy, the basic data are the stellar motions perpeladic xnown dwarf galaxies in the Milky Way vicinity, which makes
to the plane of the Galaxy (for the local dark matter), the M@em good candidates for extreme examples of dark matter dom
tions of star and gas streams and the rotation (for the gl jnateq objects. Also the studies of the disruption rate egeh
matter). Important additional data come from gravitatiana = g5|axies due to the interaction with the Milky Way imposes-
crolensing by invisible stars or planets. In nearby dwatéga its to the amount of dark mass in these objects. The resulis in

ies the basic information comes from stellar motions. In@NQkate that the dark matter in these systems exceeds by a éactor
distant and giant galaxies the basic information comes @M o\ the mass of stars.

rotation curves and the X-ray emission of the hot gas sudeun
ing galaxies. In clusters and groups of galaxies the gréwmita
field can be determined from relative motions of galaxies, th
X-ray emission of hot gas and gravitational lensing. Fipall
measurements of fluctuations of the Cosmic Microwave Back-
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Figure 2. The mean internal mad4(R) as a function of the
radiusR from the main galaxy in 105 pairs of galaxies (dots?:._ ) ) ) )
Dashed line shows the contribution of visible populatiaiat: —'9ureé 3: Masses_'(m units 0 Mo) of local giant galaxies
ted line the contribution of the dark corona, solid line theat (OStrikeretal.; 1974) (reproduced by permission of the AAS
distribution (Einasto et al., 1974a). and authors).

3.2 Dynamics and morphology of companion in the evplution of galaxy system;. Mor_phological propEsf
galaxies companion galaxies can be explained, if we assume that(stt le

part of) the corona is gaseous.

The rotation data available in early 1970s allowed to deiteem  Additional arguments in favour of physical connection of
the mass distribution in galaxies up to their visible edges. companions with their primary galaxies came from the dyrami
order to find how large and massive galactic coronas or hatdssmall groups. Their mass distribution depends on the mor-
are, more distant test particles are needed. If halos age Igzhology: in systems with a bright primary galaxy the density
enough, then in pairs of galaxies the companion galaxies €mind from kinematical data) is systematically highed amel-
located inside the halo, and their relative velocities camged liptical galaxy dominated systems it is also higher. Theswhs-
instead of the galaxy rotation velocities to find the disttibn of tribution found from the kinematics of group members smiyoth
mass around giant galaxies. This test was made indepepdettthtinues the mass distribution of the primary galaxieantb

by |Einasto et al. (1974a) and Ostriker et al. (1974), see. Bgdrom rotation data (Einasto etlal., 1976b).

and[3. The paper by Ostriker et al. begins with the statement:

“There are reasons, inc_reasing in n.umberand quality, tadoed 3.3 Extended rotation curves of galaxies

that the masses of ordinary galaxies may have been underesti

mated by a factor of 10 or more'The closing statement of theThe dark matter problem was discussed in 1975 at two con-
Einasto et al. paper i$The mass of galactic coronas exceedtgrences, in January in Tallinn (Doroshkevich etial.. 1%

the mass of populations of known stars by one order of maghi-July in Thilisi. The central problems discussed in Tailin
tude. According to new estimates the total mass densitywémawere: Deuterium abundance and the mean density of the uni-
in galaxies is 20% of the critical cosmological density.” verse|(Zeldovich, 1975), What is the physical nature of td

The bottom line in both papers was: since the data sugg®édter? and: What is its role in the evolution of the Universe
that all giant galaxies have massive hgtosonae, dark matter Two basic models were suggested for coronas: faint stars or
must be the dynamically dominating population in the whol®t gas. It was found that both models have seriotitcdities
Universe. (Jaaniste & Saar, 1975; Komberg & Novikov, 1975).

Results of these papers were questioned by Burbidge!(1975),In Thilisi the Third European Astronomical Meeting took
who noticed that satellites may be optical. To clarify if tien- place. Here the principal discussion was between the stippor
panions are true members of the satellite systems, Einaato eers of the classical paradigm with conventional mass estisna
(1974b) studied the morphology of companions. They fouafigalaxies and of the new one with dark matter. The major ar-
that companion galaxies are segregated morphologicalig: e guments supporting the classical paradigm were summabised
tical (non—gaseous) companions lie close to the primargxyalMaterne & Tammarnn (1976). Their most serious argument was:
whereas spiral and irregular (gaseous) companions of the s8ig Bang nucleosynthesis suggests a low-density Univethe w
luminosity have larger distances from the primary galakg tthe density paramete ~ 0.05; the smoothness of the Hubble
distance of the segregation line from the primary galaxy déew also favours a low-density Universe.
pends on the luminosity of the satellite galaxy, Eig. 4. Tamult It was clear that by sole discussion the presence and nature
shows, first of all, that the companions are real membersssithof dark matter cannot be solved, new data and more detailed
systems —random by-fliers cannot have such propertiesn8ecstudies were needed. The first very strong confirmation of the
this result demonstrates thaffdise matter has an important rolglark matter hypothesis came from new extended rotatioresurv
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Figure 5: The rotation curves of spiral galaxies of variousphological type according to Westerbork radio obseovesiBosma,
1978) (reproduced by permission of the author).
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of galaxies.

In early 1970s optical data on rotation of galaxies werelavai
able only for inner bright regions of galaxies. Radio obaerv
tions of the 21-cm line reached much longer rotation curvels w
beyond the Holmberg radius of galaxies. All available riotat
data were summarised by Roberts (1975) in the IAU Symposium
on Dynamics of Stellar Systems held in Besancon (France) in
September 1974. Extended rotation curves were availableifo
galaxies; for some galaxies data were available until thescga:
centric distance- 40h~! Mpc (we use in this paper the Hubble
constant in the units ofly = 100h km s Mpc™), see Fig[lL
for M31. About half of galaxies had flat rotation curves, thstr
had rotation velocities that decreased slightly with dis&a In
all galaxies the local mass-to-light ratio in the periph&gched
values over 100 in Solar units. To explain such higf. values
Roberts assumed that late-type dwarf stars dominate tlighper
eral regions.

In mid-1970s measurements of a number of spiral galaxies
with the Westerbork Synthesis Radio Telescope were coaghlet
and mass distribution models were built, all-together ospi-
ral galaxies|(Bosma, 1978), see HiYy. 5. Observations coefirm
the general trend that the mean rotation curves remain feat ov
the whole observed range of distances from the center, up to

Figure 4: The distribution of luminosities of companion@édes . 40 kpc for several galaxies. The internal mass within the ra-
L(R) at various distanceR from the main galaxy. Filled circlesdijusRincreases over the whole distance interval.
are for elliptical companions, open circles for spiral amelgular

galaxies|(Einasto et al., 1974b).

At the same time Vera Rubin and her collaborators devel-
oped new sensitive detectors to measure optically theioatat
curves of galaxies at very large galactocentric distan@éir



T T T L L T kpc from the study of 2500 Blue Horizontal Branch stars from
SDSS survey, and the rotation curves seems to be slighlitygal
$ from the 220 km st value at the Sun location. Earlier determi-
3 3 . nations did not extend so far and extrapolations wefected
& & by the presence of the ring-like structure in mass distidiouat

S ~ 14 kpc from the center. Implied values of the dark matter halo
from different measurements stillftér between themselves by
afactor 2 - 3, being in the range from*@- 2.5 x 10*?M,. The

2 éo,%““‘ central density of dark matter halos of galaxies is sunpgisi
@(’ & constant, about.@ M, pc (Gilmore etal.| 2007). Smallest
' E dwarf galaxies have half-light radius about 120 pc, largést
clusters of similar absolute magnitude have half-lighiuadip
to 35 pc; this gap separates systems with and without dadshal
A T T— I N— L (Gilmore et al., 2008).

DISTANCE FROM NUCLEUS (kpc)

INTEGRAL MASS (10" Mg)
%

3.4 X-ray data on galaxies and clusters of galax-
Figure 6: The integral masses as a function of the distaoce fr ies

the nucleus for spiral galaxies of various morphologicglety

(Rubin et al.| 1978) (reproduced by permission of the AAS aht®t intra-cluster gas emitting X-rays was detected in alnatis
authors). nearby clusters and in many groups of galaxies by the Emstei

X-ray orbiting observatory. Observations confirmed thathbt
gas is in hydrodynamical equilibrium, i.e. gas particles/enim

results suggested that practically all spiral galaxiesehex- the general gravitation field of the cluster with velocitieisich
tended flat rotation curves (RUbIn et al., 1978, 1.980) The Ebrrespond to the mass of the cluster (Forman & Janes, 1982;
ternal mass of galaxies rises with distance almost lineapyo [Sarazin, 1968; Rosati et/dl., 2002).
the last measured point, see Fiy. 6. The distribution of the mass in clusters can be determined

These observational results confirmed the concept of théhe density and the temperature of the intra-cluster gas a
presence of dark halos of galaxies with a high confidence.  known. This method of determining the mass has a number of

Another very important measurement was made by FaBgkantages over the use of the virial theorem. First, thégjas
and collaborators_(Faber & Jackson, 19176; Faberletal..;19{ollisional fluid, and particle velocities are isotropigalis-
Faber & Gallagher, 1979). They measured the central vglogfibuted, which is not true for galaxies as test particleshef
dispersions for 25 eIIipticaI galaxies and the rotatiormzﬁy of cluster mass (uncertainties in the Ve|0city anisotropyajﬁg.
the Sombrero galaxy, a SO galaxy with a massive bulge ang&afect mass determinations). Second, the hydrostatic method
very weak population of young stars and gas clouds justdeitsgives the mass as a function of radius, rather than the tatasm
the main body of the bulge. Their data yielded for the bulge gfone as given by the virial method.
the Sombrero galaxy a mass-to-light raligL. = 3, and forthe  Using Einstein X-ray satellite data the method was applied
mean mass-to-light ratios for elliptical galaxies abouwtl@se to to determine the mass of Coma, Perseus and Virgo clusters
the ratio for early type spiral galaxies. These observatidata (Bahcall & Sarazir, 1977; Mathews, 1978). The results wete n
confirmed estimates based on the calculations of physical€vyery accurate since the temperature profile was known only ap
tion of galaxies, made under the assumption that the lowssmgroximately. The results confirmed previous estimates cises:
limit of the initial mass function (IMF) is for all galacticqp- made with the virial method using galaxies as test partidies
ulations of the order of OM@ These results showed that th%ass of the hot gas itself is On|y about 0.1 of the total mass,
mass-to-light ratios of stellar populations in spiral afipecal  approximately comparable to the luminous mass in galaxies.
galaxies are similar for a given colour, and the ratios arefmu  More recently clusters of galaxies have been observed in X-
lower than those accepted in earlier studies based on tremyrvays using the ROSAT satellite (operated in 1990-1999), and
ics of groups and clusters. In other words, high mass-tat-lighe XMM-Newton and Chandra observatories, launched both in
ratios of groups and clusters of galaxies cannot be expldige 1999. The ROSAT satellite was used to compile an all-sky-cata
visible galactic populations. logue of X-ray clusters and galaxies. More than 1000 clssipr

Earlier suggestions on the presence of mass discrepanciif redshift~ 0.5 were catalogued. Dark matter profiles have
galaxies and galaxy systems had been ignored by the astrongsén determined in a number of cases (Humphrey et al.| 2006).
ical community. This time new results were taken seriousy.  The XMM and Chandra observatories allow to get detailed
noted by Kuhn, a scientific revolution begins when Ieadlng Sﬁ‘nages of X-ray clusters, and to derive the density and tempe
entists in the field start to discuss the problem and argustientture of the hot gas (Jordan ef al., 2004; Rasia et al., 2008hg
favour of the new and the old paradigm. the XMM observatory, a survey of X-ray clusters was initifite

More data are slowly accumulating (Sofue & Rubin, 200})nd a representative sample of clusters at redshifts up=td..
New HI measurements from Westerbork extend the rotatipRe comparison of cluster properties atelient redshifts allows
curves up to 80 kpc (galaxy UGC 2487) or even 100 kg§ get more accurate information on the evolution of clister
(UGC 9133 and UGC 11852) showing flat rotation curvgghich depend critically on the parameters of the cosmokigic
(Noordermeer et all, 2005). The HI distribution in the Milkynodel.
Way has been recently studied up to distances of 40 kpc by Chandra observations allow to find the hot gas and total
Kalberla (2003)| Kalberla et al. (2007). The Milky Way rotamasses not only for groups and clusters, but also for nearby
tion curve has been determinediby Xue etial. (2008) up 6® galaxies [(Humphreyethl.| (2006), see also Mathewslet al.



(2006), Lehmer et all (2008)). For early-type (ellipticgdlax- objects, such as quasars: as a result we observe multiple im-
ies the virial masses found were 0.349'3 M. Local mass- ages of the same quasar. The masses of clusters of galaxies de
to-light ratio profiles are flat within an optical half-lighadius termined using this method confirm the results obtained by th
(Ret£), rising more than an order of magnitude-at10R.s;, Virial theorem and the X-ray data.

which confirms the presence of dark matter. The baryon frac- Weak lensing allows to determine the distribution of dark
tion (most baryons are in the hot X-ray emitting gas) in thesgtter in clusters as well as in superclusters. For the noest |
galaxies isf, ~ 0.04 - 0.09. The gas mass profiles are simminous X-ray cluster known, RXJ 1347.5-1145 at the redshift
lar to the profiles of dark matter shifted to lower densiti€ke z = 0.45, the lensing mass estimate is almost twice as high
stellar mass-to-light ratios in these old bulge dominatddxjes as that determined from the X-ray data. The mass-to-light ra
areM,/Lk ~ 0.5 - 1.9 using the Salpeter IMF (for the infraredio is M/Lg = 200+ 50 in Solar units|(Fischer & Tysoh, 1997;
K-band, the ratios for the B-band are approximately 4 timEsscher et all, 1997). For other recent work on weak lensing a
higher). Interesting upper limits for the amount of hot ptasin  X-ray clusters see Bradac et &l. (2005); Dietrich et|al.0&30

the halo of the Milky Way were obtained in 2008 from the con€lowe et al.|(2006b); Massey et al. (2007).

parative study of the tiny absorption lines in a few Galaaticl A fraction of the invisible baryonic matter can lie in small
extragalactic X-ray sources, giving the total column digr@#iO compact objects — brown dwarf stars or jupiter-like objeds

VIl less than 5¢< 10'° cm2. Assuming that the gaseous baryoniiind the fraction of these objects in the cosmic balance ofenat
corona has the mass of order06x 10'°M,, this measurementspecial studies have been initiated, based on the miciatgns
implies a very low metalicity of the corona plasma, below 3éffect.

percent of the solar value (Yao et al., 2008). Microlensing dfects were used to find Massive Compact
Halo Objects (MACHOs). MACHOs are small baryonic objects
as planets, dead stars (white dwarfs) or brown dwarfs, which
emit so little radiation that they are invisible most of thre¢. A

Ing MACHO may be detected when it passes in front of a star and

Clusters, galaxies and even stars are so massive thattheitygy the MACHOs gravity bends the light, causing the star to appea
bends and focuses the light from distant galaxies, quasats Brighter. Several groups have used this method to sear¢héor
stars that lie far behind. There are three classes of gtaria baryonic dark matter. Some authors claimed that up to 20 % of
lensing: dark matter in our Galaxy can be in low-mass stars (white or
brown dwarfs). However, observations using the Hubble &pac
e Strong lensing, where there are easily visible distortioMelescope’s NICMOS instrument show that only about 6% of
such as the formation of Einstein rings, arcs, and multigge stellar mass is composed of brown dwarfs. This correggon
images, see Fif] 7. to a negligible fraction of the total matter content of thavénse
raf & Freese, 1996; Najita et al., 2000).

3.5 Galactic and extragalactic gravitational lens-

G
e \Weak lensing, where the distortions of background objec(,ts
are much smaller and can only be detected by analyzing

the shape distortions of a large number of objects. 4 The nature of Dark Matter

¢ Microlensing, where no shape distortion can be seen, @g

the end of 1970s most objections against the dark matter h
the amount of light received from a background obj(’a_g J g y

thesis were rejected. In particular, luminous poputegiof
A¥axies have found to have lower mass-to-light ratios #han
thus the presence of extra dark mattiér bo
in galaxies and clusters has been confirmed. However, there r
mained three problems:

changesin time. The background source and the lens

be stars in the Milky Way or in nearby galaxies (M31pected previously
Magellanic Clouds). '

¢ It was not clear how to explain the Big Bang nucleosyn-
thesis constraint on the low density of matter, and the
smoothness of the Hubble flow.

e If the massive halo (corona) is not stellar nor gaseous, of
what stdt is it made of?

e And a more general question: in Nature everything has its
purpose. If 90 % of matter is dark, then there must be a
reason for its presence. What is the role of dark matter in
the history of the Universe?

Figure 7: The Hubble Space Telescope image of the cluster ) _

Abell 2218. This cluster is so massive that its gravity bends First we shall discuss baryons as dark matter candidates.
the light of more distant background galaxies. Images okbac

ground galaxies are distorted into stretched arcs (Astt. Bf 4.1 Nucleosynthesis constraints on the amount of
the Day Jan. 11, 1998, Credit: W. Couch, R. Ellis). baryonic matter

The strong lensing féect is observed in rich clusters, andiccording to the Big Bang model, the Universe began in an ex-
allows to determine the distribution of the gravitating mas tremely hot and dense state. For the first second it was so hot

clusters. Massive ga]axies can distort images of d|starg16| that atomic nuclei could not form — space was filled with a hot



baryonic matter is in the intergalactic matter, it is cortcated
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age of populatiort is expressed in years. An identical lower
Figure 8: The big-bang production of the light elements. Thait of IMF 0.1 Mg was accepted.
abundance of chemical elements is given as a function of
the density of baryons, expressed in unitstyn® (horizon-
tal axis). Predicted abundances are in agreement with m
sured primeval abundances in a narrow range of baryon gensit
(Schramm & Turner, 1998). Models of the galaxy evolution are based on stellar evatutio
tracks, star formation rates (as a function of time), andrttial

mass function (IMF). For IMF the Salpeter (1955) law is ugual
soup of protons, neutrons, electrons, photons and othet-shQsa -

lived particles. Occasionally a proton and a neutron cetlid
and sticked together to form a nucleus of deuterium (a hesoey i
tope of hydrogen), but at such high temperatures they were p¥heremis the mass of the forming star, andndn are parame-
ken immediately by high-energy photons (Schramm & Turnégrs. This law cannot be used for stars of arbitrary massusec
1998). in this case the total mass of forming stars may be infiniteisTh
When the Universe COO|8dfﬁ,) these high-energy photonyve assume that this law is valid in the mass intem@lto my
became rare enough that it became possible for deuteriunttiig lower and upper limit of the forming stars, respectiyel
survive. These deuterium nuclei could keep sticking to more Early models of physical evolution of galaxies were con-
protons and neutrons, forming nuclei of helium-3, helium-tructed by Tinsley (1968) and Eingsto (1972). These models
lithium, and beryllium. This process of element-formatien show that the mass-to-light ratid;/L; of the populatiori de-
called “nuc|eosynthesis”_ The denser proton and neutrals’“g pends critically on the lower limit of the IMRng. It is natural to
is at this time, the more of these light elements will be fodmeexpect that in similar physical conditions (the metali@fythe
As the Universe expands, however, the density of protons 4@ in star formation regions) the lower mass limit of forgin
neutrons decreases and the process slows down. Neutron§tafé has similar values (Figl 9). An independent check ef th
unstable (with a lifetime of about 15 minutes) unless they gorrectness of the lower limit is provided by homogeneoeis st
bound up inside a nucleus. After a few minutes, therefore, fRr populations, such as star clusters. Here we can assuane th
free neutrons will be gone and nucleosynthesis will stoper&h all stars were formed simultaneously, the age of the cluster
is only a small window of time in which nucleosynthesis cate estimated from the HR diagram, and the mass derived from
take place, and the relationship between the expansiorofatéhe kinematics of stars in the cluster. Such data are avaifab
the Universe (related to the total matter density) and tmsitie 0ld metal-poor globular clusters, for relatively young riued-
of protons and neutrons (the baryonic matter density) deters metal-rich open clusters as well as for metal-rich coresatdx
how much of each of these light elements are formed in thg ed@'s. This check suggests that in the first approximation llor a
Universe. populations similar lower mass limitsnyg = 0.05...0.1 M)
According to nucleosynthesis data baryonic matter makesa@$ be used; in contracting gas clouds above this limit the hy
0.04 of the critical cosmological density (Fid. 8). Only aaim drogen starts burning, below not. Using this mass lowertsimi
fraction, less than 10%, of the baryonic matter is condetsedve get for old metal-poor halo populatio/Li ~ 1, and for
visible stars, planets and other compact objects. Most @f gxtremely metal-rich populations in central regions olgas

Baryonic Dark Matter

F(m)=am™, Q)



Mi/L; = 10...30, as suggested by the central velocity dispesxplain the flat rotation curves of galaxies (Turner, 2003).

sion in luminous elliptical galaxies. For intermediate plap The result of these early discussions of the nature of dark
tions (bulges and disks) one gé#/L; = 3...10, see Figl]9. halos were inconclusive — no appropriate candidate wasdfoun
Modern data yield slightly lower values, due to more acairdtor many astronomers this was an argument against the peesen
measurements of velocity dispersions in the central regain of dark halos.

galaxies, as suggested in pioneering studies by Faber &dack

(1976); Faber et al. (19/77), and more accurate input datvinr 4.3 Non-baryonic Dark Matter and fluctuations

lution models. e
To get very high values d¥1/L, as suggested by the dynam- of the CMB radiation

ics of companion galaxies or rotation data in the periphéry Aiready in 1970s suggestions were made that some sort of non-
galaxies, one needs to use a very small value of the mass lowei/onic elementary particles, such as massive neutnnag;
limit mp < 10°3 M,. All known stellar populations have muchetic monopoles, axions, photinos, etc., may serve as datedi
lover mass-to-light values, and form continuous sequentesor dark matter particles. There were several reasons tolsea
color-M/L and velocity dispersiom/L diagrams. for non-baryonic particles as a dark matter candidate.t Birs
For this reason it is very flicult to explain the physical andall, no baryonic matter candidate did fit the observatiorahd
kinematical properties of a stellar dark halo. Dark halosstasecond, the total amount of dark matter is of the order of 0.2—
form an extended population around galaxies, and must hgv@in units of the critical cosmological density, while the-
a much higher velocity dispersion than the stars belongingdeosynthesis constraints suggest that the amount of biryo
the ordinary halo. No fast-moving stars as possible camedamatter cannot be higher than about 0.04 of the critical dgnsi
for stellar dark halos were found (Jaaniste & Saar, 1973hef A third very important observation was made which caused
hypothetical population is of stellar origin, it must berf@d doubts to the baryonic matter as the dark matter candidate. |
much earlier than all known populations, because knowtestell 964 Cosmic Microwave Background (CMB) radiation was de-
populations of dierent age and metalicity form a continuougected. This discovery was a powerful confirmation of the Big
sequence of kinematical and physical properties, and te@@ Bang theory. Initially the Universe was very hot and all den-
place where to include this new population into this seqaensity and temperature fluctuations of the primordial soupewer
And, finally, it is known that star formation is not arfieient damped by very intense radiation; the gas was ionized. But as
process — usually in a contracting gas cloud only about 1 % thé Universe expanded, the gas cooled and at a certain epoch
the mass is converted to stars. Thus we have a problem howdRed recombination the gas became neutral. From thisdime
convert, in an early stage of the evolution of the Universat@e density fluctuations in the gas had a chance to grow by gravi-
fraction of the primordial gas into this population of dathrs. tational instability. Matter is attracted to the regionsrevéhe
Numerical simulations suggest, that in th early universg an density is higher and it flows away from low-density regions.
very small fraction of gas condenses to stars which ioniee #ut gravitational clustering is a very slow process. Moda ¢
remaining gas and stop for a certain period further star&ion  culations show that in order to have time to build up all obedr
(Cen, 2003; Gao et al., 2005b). structures as galaxies, clusters, and superclustersitpitade
Stellar origin of dark matter in clusters was discussed byinitial density fluctuations at the epoch of recombinatioust
Napier & Guthrie (1975); they find that this is possible if thBe of the order of 1C of the density itself. These calculations
initial mass function of stars is strongly biased towardnlew-  also showed that density fluctuations are of the same order as
mass stars._Thorstensen & Partridge (1975) discussed ¢he smperature fluctuations. Thus astronomers started tatsear
gestion made by Truran & Cameron (1971) that there may hagetemperature fluctuations of the CMB radiation. None were
been a pre-galactic generation of stars (called now padpulatfound. As the accuracy of measurement increased, lower and
I11), all of them more massive than the Sun, which are nawwer upper limits for the amplitude of CMB fluctuations were
present as collapsed objects. They conclude that the tetss nbbtained. In late 1970s it was clear that the upper limits are
of this population is negligible, thus collapsed stars canmake much lower than the theoretically predicted limit 20
up the dark matter. Then astronomers recalled the possible existence of
Recently weak stellar halos have been detected around $@n-baryonic particles, such as heavy neutrinos. This sug-
eral nearby spiral galaxies at very large galactocentsiadces. gestion was made independently by several astronomers
For instance, a very weak stellar halo is found in M31 up te digowsik & McClelland  (1973); | Szalay & Marx | (1976);
tance of 165 kpa (Gilbert et al., 2006; Kalirai et al., 2008he [Tremaine & Gunn 1(1979); | _Doroshkevich et al. | (1980b);
stars of this halo have very low metalicity, but have anomslp |Chernin (1981)] Bond et all (1983)) and others. They found
red colour. The total luminosity and mass of these extended that, if dark matter consists of heavy neutrinos, then teigps
los is, however, very small, thus these halos cannot beiftht to explain the paradox of small temperature fluctuationshef t
with the dark halo. cosmic microwave background radiation. This problem was
Gaseous coronas of galaxies and clusters were discusfiséussed in a conference in Tallinn in April 1981. Recent
in 1970s by Field|(1972), Silk (1974), Tarter & Silk (1974)experiments by a Moscow physicist Lyubimov were announced,
Komberg & Novikov (1975) and others. The general conclwhich suggested that neutrinos have masses. If so, then the
sion from these studies was that gaseous coronas of galagieth of perturbations in a neutrino-dominated medium can
and clusters cannot consist of neutral gas since the ilé&rgastart much earlier than in a baryonic medium, and at the tifne o
tic hot gas would ionise the coronal gas. On the other handegombination perturbations may have amplitudes largegmo
corona consisting of hot ionised gas would be observablel-M¢or structure formation. The Lyubimov results were never-co
ern data show that part of the coronal matter around galaxiés firmed, but it gave cosmologists an impulse to take non-bcyo
in groups and clusters of galaxies consists indeed of thayX-tark matter seriously. In the conference banquet Zeldovich
emitting hot gas, but the amount of this gas is ndfisient to gave an enthusiastic spee¢®bservers work hard in sleepless



nights to collect data; theorists interpret observatioase often verse. In this way the dark matter problem is related to tigela

in error, correct their errors and try again; and there are lgn scale structure of the Universe.

very rare moments of clarification. Today it is one of sucterar

moments when we have a hply feeling of_understanding §1_q_ The distribution of galaxies and clusters

secrets of Nature’Non-baryonic dark matter is needed to start

structure formation early enough. This example illussatell Already in the New General Catalogue (NGC) of nebulae, com-

the attitude of theorists to new observational discoverig¢ise posed from observations by William and John Herschel, a rich

Eddington’s test:“No experimental result should be believedollection of nearby galaxies in the Virgo constellationswa

until confirmed by theory{cited by Mike Turner|(2000)). Dark known. |de Vaucouleurs (1953a) called this system the Local

matter condenses at early epoch and forms potential weBgper-galaxy, presently it is known as the Virgo or Local Su-

the baryonic matter flows into these wells and forms galaxiggrcluster. Detailed investigation of the distributiongaflaxies

(White & Rees, 1978). became possible when Harlow Shapley started in the Harvard
The search of dark matter can also be illustrated with tBdservatory a systematic photographic survey of galaries-

words of Sherlock Holme8~Vhen you have eliminated the imdected areas, up to 18th magnitude (Shapley, 1940). Shdjsley

possible, whatever remains, however improbable, must &e thvered several other rich superclusters, one of them septly

truth” (cited by Binney & Tremaine (1987)). The non-baryonisamed the Shapley Supercluster. These studies showethalso t

nature of dark matter explains the role of dark matter in thee e the mean spatial density of galaxies is approximately iedep

lution of the Universe, and the discrepancy between the tadent of the distance and of the direction in the sky. In other

cosmological density of matter and the density of baryorat-mwords, the Harvard survey indicated that galaxies areibigd

ter, as found from the nucleosynthesis constraint. Latetiss in space more-or-less homogeneously, as expected fronethe g

have demonstrated that neutrinos are not the best canslidateeral cosmological principle.

the non-baryonic dark matter, see below. A complete photographic survey of galaxies was made in
the Lick Observatory with the 20-inch Carnegie astrograph b
4.4 Alternatives to Dark Matter Shane & Wirtanen| (1967). Galaxy counts were made in cells

of size 10 x 10, and the distribution of the number density of
The presence of large amounts of matter of unknown origjalaxies was studied. The general conclusion from thisystud
has given rise to speculations on the validity of the Newas that galaxies are mostly located in clusters, the number
ton law of gravity at very large distances. One of such ajalaxies per cluster varying widely from pairs to very ridhse
tempts is the Modified Newton Dynamics (MOND), suggestéers of the Coma cluster type. The Lick counts were reduced by
by[Milgrom & Bekenstein[(1987), for a discussion see Sanddim Peebles and collaborators to exclude count limit irkagu
(1990). Indeed, MOND is able to represent a number of dies; the resulting distribution of galaxies in the sky iswh in
servational data without assuming the presence of someihidBig.[11.
matter. However, there exist several arguments which ntage t A much deeper photographic survey was made using the 48-
model unrealistic. inch Palomar Schmidt telescope. Fritz Zwicky used this eyrv
First of all, in the absence of large amounts of non-baryoiiccompile for the Northern hemisphere a catalogue of gataxi
matter during the radiation domination era of the evolutibthe and clusters of galaxies (Zwicky et al., 1968). The galaxp-ca
Universe it would be impossible to get for the relative atyygde  logue is complete up to 15.5 photographic magnitude. George
of density fluctuations a value of the order of $0needed to Abell used the same survey to compile a catalogue of rich clus
form all observed structures. ters of galaxies for the Northern sky, later the catalogus wa
Second, there exist numerous direct observations of the digntinued to the Southern sky (Abell, 1958; Abell etjal., 908
tribution of mass, visible galaxies and the hot X-ray gasicivh Using apparent magnitudes of galaxies approximate distganc
cannot be explained in the MOND framework. One of such eidistance classes) were estimated for clusters in botlogates.
amples is the “bullet” cluster 1E 0657-558 (Clowe €tlal., £00Authors noticed that clusters of galaxies also show a terydeh
Markevitch et al., 2004; Clowe etlal., 2006a), shown in E@. 1clustering, similar to galaxies which cluster to form greuwmd
This is a pair of galaxy clusters, where the smaller cludial-( clusters. Abell called these second order clusters supsterk,
let) has passed the primary cluster almost tangentiallyedime Zwicky — clouds of galaxies.
of sight. The hot X-ray gas has been separated by ram pressureThe Lick counts as well as galaxy and cluster cata-
stripping during the passage. Weak gravitation lensintgdgielogues by Zwicky and Abell were analysed by Jim Peebles
the distribution of mass in the cluster pair. Lensing obattons and collaborators (Peebles (1973), Hauser & Peebles |(1973)
show that the distribution of matter is identical with thetdbu- [Peebles & Hauser (1974), Peebles (1974)). To describe $he di
tion of galaxies. The dominant population of the baryonissatribution of galaxies Peebles introduced the two-pointreor
is in X-ray gas which is well separated from the distributadn lation (or covariance) function of galaxies (Peebles & Eyot
mass. This separation is only possible if the mass is in the (1975; Groth & Peebles, 1977; Fry & Peebles, 1978). This func-
lisionless component, i.e. in the non-baryonic dark mattédo, tion describes the probability to find a neighbour at a given a
not in the baryonic X-ray gas. gular separation in the sky from a galaxy. At small sepanatio
the spatial galaxy correlation function can be approximhéte
. a power law: ¢ = (r/rp)7, with the indexy = 1.77 + 0.04.
5 Dark Matter and structure formation The distance, at which the correlation function equals unity,

) , i i is called the correlation length. For galaxy samples itsiwas
Itis clear that if dark matter dominates in the matter buddet, _ gp-1 Mpc, and for clusters of galaxieg ~ 30h~ Mpc. On

the Universe, then the properties of dark matter particl#rél gq5jes> 5 times the correlation length the correlation function
mine the formation and evolution of the structure of the Uqls- very close to zero, i.e. the distribution of galaxies ¢tus) is
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Figure 10: Images of the merging ’bullet’ cluster 1IE06585%he left panel shows a direct image of the cluster obtaiméd
the 6.5-m Magellan telescope in the Las Campanas Obseyytierright panel is a X-ray satellite Chandra image of thustelr.
Shock waves of the gas are visible, the gas of the smallelethaluster (right) lags behind the cluster galaxies. Iritbpanels
green contours are equidensity levels of the gravitatipotntial of the cluster, found using weak gravitationakleg of distant
galaxies. The white bar has 200 Kp¢ength at the distance of the cluster. Note that contouttseofjravitational potential coincide
with the location of visible galaxies, but not with the ldcat of the X-ray gas (the dominant baryonic component oftels3
(Clowe et al., 2006a) (reproduced by permission of the AAG authors).

essentially random. formation of systems is the opposite: first small-scaleesyst
The conclusion from these studies, based on the appfatar-cluster sized objects) form, and by clustering systef

ent (2-dimensional) distribution of galaxies and clusters larger size (galaxies, clusters of galaxies) form; thishe#om-

the sky confirmed the picture suggested by Kiang (1967) amglscenario.

de Vaucouleurs (1970), among others, that galaxies ararhier Zeldovich asked Tartu astronomers for help in solving the

chically clustered. However, this hierarchy does not cargito question: Can we find observational evidence which can b& use

very large scales as this contradicts observations, whickv's to discriminate between various theories of galaxy fororeiln

that on very large scales the distribution is homogeneous. sélving the Zeldovich question we started from the obsé@mat

theoretical explanation of this picture was given by Pegblact suggesting that random velocities of galaxies are @ik

in his hierarchical clustering scenario of structure fotiora der of several hundred kisi Thus during the whole lifetime

(Peebles & Yu, 1970; Peebles, 1971). of the Universe galaxies have moved from their place of origi
only by about 1h~* Mpc. In other words — if there exist some
5.2 Superclusters, filaments and voids regularities in the distribution of galaxies, then thesputarities

must reflect the conditions in the Universe during the foramat

In 1970s new sensitive detectors were developed which atlovef galaxies.
to measure redshifts of galaxies up to fainter magnitudak- T In mid-1970s first all-sky complete redshift surveys of gala
ing advance of this development several groups started-toi#s were just available: the de Vaucouleurs etlal. (1976} Sec
vestigate the environment of relatively rich clusters ofaga ond Revised Catalogue of Galaxies, the Shapley-Adamsavis
ies, such as the Coma cluster and clusters in the Herculescaitalogue by Sandage & Tammann (1981), complete up to the
percluster, with a limiting magnitude about 15.5. Duringsthmagnitude 13.5 (new redshifts were available earlier (Saad
study Chincarini, Gregory, Rood, Thompson anéftTnoticed [1978)). The common practice to visualise the three-dinoeradi
that the main clusters of the Coma supercluster, A1656 atigtribution of galaxies, groups and clusters of galaxgethie
A1367, are surrounded by numerous galaxies, forming a claigé of wedge-diagrams. In these diagrams, where galaxies as
around clusters at the redshi7000 kmfs. The Coma super-well as groups and clusters of galaxies were plotted, a regu-
cluster lies behind the Local supercluster, thus galaxidse larity was clearly seen: galaxies and clusters are corateutr
Local supercluster also form a condensation in the same-dit® identical essentially one-dimensional systems, andpiaee
tion at the redshift about 1000 Ke In between there is a groufbetween these systems is practically empty (Joeveer &skina
of galaxies around NGC 4169 at the redshit000 ks, and |1978). This distribution was quite similar to the distrilout
the space between these systems is completely devoid of gaid test particles in a numerical simulation of the evolutiafi
ies (Chincarini & Rood, 1976; Gregory & Thomps$on, 1978). #he structure of the Universe prepared by the Zeldovich grou
similar picture was observed in front of the Hercules and®es (Doroshkevich et al.| (1980a), early results of simulatiogrev
superclusters. available already in 1976). In this simulation a network igfa

In 1970s there were two main rivaling theories of structuggd low-density regions was seen: high-density regions for
formation: the pancake theory by Zeldovich (1970), and ihe bells which surround large under-dense regions. Thus the ob
erarchical clustering theory by Peebles (1971). Accordingserved high-density regions could be identified with Zeldov
the Zeldovich scenario the structure forms top-down: firat-mpancakes.
ter collects into pancakes and then fragments to form smalle The Large-Scale Structure of the Universe was discussed
units. In the hierarchical clustering scenario the ordethef at the IAU symposium in Tallinn 1977. The amazing prop-



Figure 11: The two-dimensional distribution of galaxies@ding to the Lick counts (Seldner el al., 1977). The noafagtic
pole is at the center, the galactic equator is at the edgeerBugters are well seen, the Coma cluster is located neaeihter
(reproduced by permission of the AAS and authors).

erties of the distribution of galaxies were reported by foafong the chain in the radial (redshift) and tangentialaions
different groups:_Tully & Fisher (1978) for the Local supegre practically identical. This demonstrates that therciges-
cluster,| Joeveer & Einasto (1978) for the Perseus superckentially an one-dimensional structure.

ter, ITarenghi et al.| (19¥8) for the Hercules superclustad a A direct consequence from this observation is that galaxies
Tifft & Gregory (1978) for the Perseus supercluster; see atswd group&lusters of the chain are already formed within the
Gregory & Thompsan| (1978) for the Coma supercluster aokain. A later inflow from random locations to the chain is ex-
Joeveer et all (1978) for the distribution of galaxies aht-c cluded, since in this case it would be impossible to stopxieda
ters in the Southern galactic hemisphere. The presencddd vand clusters in the chain after the inflow. The main resultb®f
(holes) in galaxy distribution was suggested in all fourate. symposium were summarised by Malcolm Longair as follows:
Tully & Fisher demonstrated a movie showing a filamentaifiyp me, some of the most exiting results presented at this sym-
distribution of galaxies in the Local supercluster. J@vand posium concerned the structure of the Universe on the larges
Einasto emphasized the presence of fine structure: groups stales. Everyone seemed to agree about the existence of supe
clusters of galaxies form chains in superclusters and adrste clusters on scales 30 — 100 Mpc. But perhaps even more
perclusters to an infinite network, as seen from wedge diagrasurprising are the great holes in the Universe. Peebles* pic
in Fig.[12. They demonstrated also morphological propertiire, Einasto’s analysis of the velocity distribution ofl@des

of the structure of superclusters: clusters and groupsmiie which suggests a “cell-structure” and ffis’s similar analysis
chain are elongated along the chain, and main galaxies sf clrgue that galaxies are found in interlocking chains oveales

ters (supergiant galaxies of type cD) are also elongateagale- 50— 100Mpc forming pattern similar to a lace-tablecloth.

the chain. A long chain of clusters, groups and galaxies®f th New data gave strong support to the pancake scenario by
Perseus-Pisces supercluster is located almost perpédardiou (Zeldovich (1978). However, some importantfdrences be-
the line of sight. The scatters of positions of clustgmsups tween the model and observations were evident. First of all,
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Figure 12: Wedge diagrams for two declination zones. Fitiedes show rich clusters of galaxies, open circles — gspdpts —
galaxies, crosses — Markarian galaxies. In the-130° zone two rich clusters at RA about 12 h are the main clustetfsso€oma
supercluster, in the 30- 45° zone clusters at RA about 3 h belong to the main chain of atsisted galaxies of the Perseus-Pisces
supercluster. Note the complete absence of galaxies ihdfadhe Perseus-Pisces supercluster, and galaxy chatfiadefaom the
Local supercluster towards the Coma and Perseus-Pisceschigters (Joeveer & Einasto, 1978).

damped. This scenario corresponds to the neutrino-doednat
dark matter. Neutrinos move with very high velocities which
wash out small-scale fluctuations. Also, in the neutrino-
dominated Universe superclusters and galaxies within them
form relatively late, but the age of old stellar populations
galaxies suggests an early start of galaxy formation, séon a
) Tt % | s000 ter the recombination epoch. In other words, the original
¥ & Y. _'~_ " ato pancake scenario was in trouble (Bond etial., 1982; Peebles,
. 1982] Zeldovich et al., 1982; Bond & Szalay, 1983; White et al

1983).

The presence of voids in galaxy distribution was initially
et with scepticism, since 3-dimensional data were availab

redshift surveyl(de Lapparent el 4l., 1986). Galaxy chaims conly for b_right galaxies, _and faint galaxies could fill voids
necting the Local and Coma superclusters are seen moréyclehfoWever, independent evidence was soon found. A very large
the connection between the Hercules and Coma superclisteYQid was discovered in Bootes by Kirshner et al. (1981). The
also visible (reproduced by permission of the AAS and amhorﬂlamentary nature of galaxy distribution is very clearlyese

in the 2nd Center for Astrophysics (Harvard) Redshift Syrve
by Huchra, Geller and collaborators (de Lapparent et aB619
numerical simulations showed that there exists a rarefigd pbluchra et al., 1988), complete up to 15.5 apparent blue magni
ulation of test particles in voids absent in real data. This wtude in the Northern Galactic hemisphere, see[Fiy. 13.
the first indication for the presence of physical biasingafagy Huchra initiated a near-infrared survey of nearby galax-
formation — there is primordial gas and dark matter in voliag, ies, the Two Micron All-Sky Survey (2MASS) (Huchra, 2000;
due to low density no galaxy formation takes place here. Thegkrutskie et al.. 2006). Photometry in 3 near-infrared spéc
retical explanation of the absence of galaxies in voids vieeng bands is completed, it includes about half a million galaxip
by Enn Saar|(Einasto etlal., 1980). In over-dense regions théhe limiting K magnitude 13.5. The redshifts are plan ool
density increases until the matter collapses to form cotmac measured for all galaxies up ko= 11.25. The advantage of this
jects (Zeldovich pancakes). In under-dense regions thsityensurvey is the coverage of low galactic latitudes up to 5 degre
decreases exponentially but never reaches a zero valugitygrdrom the Galactic equator. For the Southern sky the redshift
cannot evacuate voids completely. vey of 2MASS galaxies is almost completed using the 6 degree
The second dierence lies in the structure of galaxy syd=ield Survey with the Australian large Schmidt telescopke T
tems in high-density regions: in the original pancake mod#éhmentary character of the distribution of galaxies isyweell
large-scale structures (superclusters) have ratltirsei forms, seen.
real superclusters consist of multiple intertwined filamsen A much deeper redshift survey up to the blue magnitude
Joeveer & Einasta (1978), Zeldovich et al. (1982), OorlBA)9 19.4 was recently completed using the Anglo-Australian 4-
In the original pancake scenario small-scale perturbatieere m telescope. This Two degree Field Galaxy Redshift Survey
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Figure 13: A slice of the Universe according to the CfA Seco
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Figure 14: A wedge diagram of the luminosity density field afaxies of the 2dFGRS Northern equatorial zoag,5 degrees
around the equator. The luminosity densities have beerectad for the incompletenesffect; the RA coordinate is shifted
so that the plot is symmetrical around the vertical axis. fitle supercluster at the distanee250h~! Mpc from the observer is
SCL126, according to the supercluster catalogue by Eirestb (2001). This figure illustrates the structure of themiz web (the
supercluster-void network). The density field shows that superclusters contain many rich clusters of galaxies) gepicture
as red dots. Filaments consisting of less luminous galadeddocated between superclusters are also clearly seeastiiet al.,
2007).

(2dFGRS) covers an equatorial strip in the Northern Galacgiroups and clusters) down to the absolute magnitude aiiut
hemisphere and a contiguous area in the Southern hemispAdré data releases have been made public. This has allowed
(Colless et all, 2001; Cross et al., 2001). Over 250 thousathd to map the largest volume of the Universe so far. LRGs have a
shifts have been measured, which allows to see and measursplatial density about 10 times higher than rich Abell clisstf
cosmic web (supercluster-void network) up to the redsh##t Ogalaxies, which allows to sample the cosmic web witfiisient
corresponding to a co-moving distance about B75Mpc. The details up to a redshift 0.5.
luminosity density field calculated for the Northern equigtio
slice of the 2dFGRS is shown in FIg.J14. _ 5.3 Structure formation in the Cold Dark Matter
Presently the largest project to map the Universe, the Sloan .
Digital Sky Survey (SDSS) mentioned already before, has bee scenario
initiated by a number of American, Japanese and European witonsistent picture of the structure formation in the Unbee
versities and observatories (York et al., 2000; Stought@h e slowly emerged from the advancement in the observationet st
2002] Zehavi et al., 2002). The goal is to map a quarter oftthe s of the large scale structure and the Cosmic Microwavé-Bac
tire sky: to determine positions and photometric data in€cspground, and in the development of theory. The most important
tral bands of galaxies and quasars of about 100 million ¢bjesteps along the way were the following.
down to the red magnitude = 23, and redshifts of all galaxies  Motivated by the observational problems with neu-
downtor = 17.7 (about 1 million galaxies), as well as the redrino dark matter, a new dark matter scenario was sug-
shifts of Luminous Red Giants (LRG, mostly central galaxies gested by | Blumenthal etlal.| (1982); Bond et al. _(1982);



Pagels & Primack | (1982); Peebles (1982); Bond & Szalpgrticles that allowed to follow the evolution of small-Ecfea-
(1983); [ Doroshkevich & Khlopov | (1984) with hypotheticalures in galaxies. Using a semi-analytic model the fornmediad
particles as axions, gravitinos, photinos or unstablerirag evolution of galaxies was also simulated (Di Matteo et &Q%,
playing the role of dark matter. This model was called thedCdBao et al., 2005h; Croton etial., 2006). For simulated gaaxi
Dark Matter (CDM) model, in contrast to the neutrino-basguhotometric properties, masses, luminosities and sizpsrufi-
Hot Dark Matter model. Newly suggested dark matter pasiclpal components (bulge, disk) were found. The comparison of
move slowly, thus small-scale perturbations are not sigei this simulated galaxy catalogue with observations shows th
which allows an early start of the structure formation ang tthe simulation was very successful. The results of the kfille
formation of fine structure. Advantages of this model werdum Simulation are frequently used as a starting point dior f
discussed by Blumenthal et|al. (1984). ther more detailed simulations of evolution of single gaax

Next, the cosmological constamt, was incorporated into ~ One dificulty of the original pancake scenario by Zeldovich
the scheme. Arguments favouring a model with the cosmoloigi-the shape of objects formed during the collapse. It was
cal constant were suggested already by Gunn & Tihsley (1978sumed that forming systems are flat pancake-like objects,
Turner et al.|(1984); Kofman & Starobinskii (1985): comkdnewhereas dominant features of the cosmic web are filamenis. Th
constraints on the density of the Universe, ages of galaaied discrepancy has found an explanation|by Bond et al. (1996).

baryon nucleosynthesis. They showed that in most cases just essentially one-dimmealsi
Finally, there was a change in the understanding of the fetructures, i.e. filaments form.
mation of initial perturbations which later lead to the ohsel The ACDM model of structure formation and evolution

structure. To explain the flatness of the Universe the inffaticombines essential aspects of both original structure dtomn
scenario was suggested by Guth (1981), Kofmanlet al. (198%)dels, the pancake and the hierarchical clustering sicenar
and others. According to the inflation model in the first stdge First structures form at very early epochs soon after themec
expansion of the Universe was extremely rapid (this eadgest bination in places where the primordial matter has the hghe

is called the inflation epoch). Such an evolutionary scenalri density. This occurs in the central regions of future supsrc
lows for the creation of the visible part of the Universe oli&o ters. First objects to form are small dwarf galaxies, whiahwg
small causally connected region and explains why in theelatgy infall of primordial matter and other small galaxies. $hu
scale the Universe seems roughly uniform. Perturbatiotiseof soon after the formation of the central galaxy other gakafad

field are generated by small quantum fluctuations. Thesarperinto the gravitational potential well of the superclust&hese
bations form a Gaussian random field, they are scale-invarielusters have had many merger events and have “eaten” all its

and have a purely adiabatic primordial power spectrum. nearby companions. During each merger event the cluster suf
These ideas were progressively incorporated into the cders a slight shift of its position. As merger galaxies comoaf
puter simulations of increasing complexity. all directions, the cluster sets more and more accuratetiyeo

Pioneering numerical simulations of the evolution afenter of the gravitational well of the supercluster. Thiglains
the structure of the Universe were made in 1970s Hbye fact that very rich clusters have almost no residual ondti
Miller (1978), |Aarseth et al.| (1979) and the Zeldovich grougspect to the smooth Hubble flow. Numerous examples of the
(Doroshkevich et al., 1980a), using direct numerical irdéign. galaxy mergers are seen in the images of galaxies collegted b
In early 1980s the Fourier transform was suggested to @tcuthe Hubble Space Telescope.
the force field which allowed to increase the number of test pa
ticles. .

Numerical simulations of structure evolution for the ho(blarﬁ Matter-energy content of the Universe
cold dark matter were compared by Melott et al. (1983), and by
White et al. (1983, 1987) (standard CDM model with densiff-1 Dark Matter and Dark Energy

param(.eteth!m =1).In C?ntrasF to the HDM modell, In tg&CDMIn early papers on dark matter the total density due to \asibl
scenario the structure formation starts atan early epouhsa- - g gark matter was estimated to be about 0.2 of the critical

perclusters consist of a network of small galaxy filamenisi-s cosmological density. These estimates were based on the dy-

Igr to the ozserved.dlstrlkilut;]on Og galax:jes. Thus CDI\r/]I S#AUlL o ics of galaxies in groups and clusters. This densitynesé
tions reproduce quite well the observed structure withtehss can be interpreted in two fierent ways: either we live in an

filaments and voids, including quantitative charactesss{per- open Universe where the total density is less than the afitic

colation or connectivity, the multiplicity distributiorf gystems density, or there exists some additional form of m gy
of galaxies). : . which allows the Universe to be closed, i.e. to have thecaiiti
Models Wlt,h the cosmploglcak—term were developed bytotal density. The additional term was identified with the@-Ei
Gramann(1988). Comparison of the S.CDM MDM modgls steinA-term, so that the total matfenergy density was taken to
shows that the St“.“:t“re of the cosmic web is .S|m|lar n b%ﬁ equal to the critical cosmological density (Gunn & Tigsle
models. However, in order to get a correct amplitude of dyns'ig75; Turner et all, 1984; Kofman & Starobinskii, 1985). - Ini

flltjctuatlolr_ws, the e\r/lolut|on ofthe SCDM model has to be Stdppt?ally there was no direct observational evidence in favour
a a_lr_lhearller epoch. ; imulati ¢ th \uti ¢ hthis solution and it was supported basically on generalriteo
e largest so far simulation of the evolution of thg., grounds. In its early evolution the size of the Univeirse

ﬁ/ltrUCthre —ktf;e I.\/Illlenfmu'rlw S|mrl]JIaF|on.— Véas E!adeb 'nv(t]:f creases very rapidly and any deviation from the exact afitic
ax-rianc nstitute for Astrop ysICS In arE Ing Dy X ensity would lead to a rapid change of the relative density,
Springel and collaborators (Springel et al., 2005; Gao.et

- , e - er to zero, if the initial density was a bit less than théical
2005a; Springel et al., 2006). The simulation is assumirg y

CDM initial A cube of th s . e, or to infinity, if it was greater than critical. In otheowds,
A _1|n|t|a power spectrum. Acubeo the comoving size ngme fine tuning is needed to keep the density at all timed equa
500h~ Mpc was simulated using about 10 billion dark mat

t% the critical one.



mattefenergy density. Observations confirm the theoretically
Angular Scale . . .. . .
o a 0.5 02 favoured value 1 in units of the critical cosmological dénsi
' j ' ) see Figl1b.
Fig.3 k| S Fawer When recombination begins, the small overdensities of
! i baryon gas launch spherical shock waves in the photon-haryo

,/. A~ CORT A1 Dot
Iy I Wwe i fluid. After some time photons completely decouple from

/ ° i e 1 baryons, and the baryons loose photon pressure support. The
f \ i shock stops after traveling a distance of about 150 Mpc (in co
/ 1 i moving coordinates). This leads to an overdensity of thg-bar

‘ : JL onic medium on a distance scale of 150 Mpc. This overdensity

¥ Y H \ has been recently detected in the correlation function ohiku

,,'/ 14 nous Red Giant galaxies of the SDSS survey (Eisenstein et al.

, el ¢ h { 12005; Hutsil 2006), see lower panel of Higl 15. Baryoniauseo
H  tic oscillations depend on both the total mateergy density
and the baryon density, thus allowing to estimate thesampara
ters.

Another independent source of information on cosmologi-
cal parameters comes from the distant supernova expesment
Two teams, led by Riess etlzl. (1998, 2007) (High-Z Supernova
Search Team) and Perlmutter et al. (1999) (Supernova Cesmol
ogy Project), initiated programs to detect distant typeulges-
novae in the early stage of their evolution, and to investiga
with large telescopes their properties. These supernoaee h
an almost constant intrinsic brightness (depending sligir
their evolution). By comparing the luminosities and reftstof
=i L ;w0 nearby and distant supernovae it is possible to calculatef st
20 40 60 80 100 200 the Universe was expanding afférent times. The supernova
Comoving Separation (h™! Mpc) observations give strong support to the cosmological mwile!

the A term, see Fid,16.
Figure 15: Upper panel shows the acoustic peaks in the angul=
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In subsequent years several new independent methods were
applied to estimate the cosmological parameters. Of these frigure 16: Results of the Supernova Legacy Survey: appar-
methods two desire special attention. One of them is bas#dl magnitudes of supernovae are normalised to the standard
on the measurements of small fluctuations of the Cosmic MIiCDM model, shown as solid line. Dashed line shows the
crowave Background (CMB) radiation, and the other on the dbinstein-de Sitter model wit,, = 1 (Kolk,|2007) (reproduced
servation of distant supernovae. by permission of the author).
According to the present cosmological paradigm the Uni-
verse was initially very hot and ionized. The photons predid  Different types of dark energyfact the rate at which the
high pressure and prevented baryons from moving. Perturbaiverse expands, depending on thdiieetive equation of state.
tions of baryons did not grow, but oscillated as sound wavdie cosmological constant has one equation of state. Tlee oth
The largest possible wavelength of these oscillations isrgi possible candidate of dark energy is quintessence (a Stthr
by the sound horizon size at the decoupling. This wavelengfiat has a dferent equation of state. Each variant of dark energy
is seen as the first maximum in the angular power spectrbas its own equation of state that produces a signature in the
of the CMB radiation. The following maxima correspond tblubble diagram of the type la supernoviae (Turner, 2003).
overtones of the first one. The fluctuations of CMB radiation The combination of the CMB and supernova data allows to
were first detected by the COBE satellite. The first CMB dagstimate independently the matter density and the denséityal
were not very accurate, since fluctuations are very smathef dark energy, shown in Fig. 1 7. The results of this combined ap
order of 105, Subsequent experiments carried out using ba@kFoach imply that the Universe is expanding at an accetegati
loons, ground based instruments, and more recently tharwilkate. The acceleration is due to the existence of some previ-
son Microwave Anisotropy Probe (WMAP) satellite, allowedusly unknown dark energy (or cosmological constant) which
to measure the CMB radiation and its power spectrum withaats as a repulsive force (for reviews see Bahcalllet al.9)199
much higher precision_(Spergel et al., 2003). The positibnlerieman et al. (2008)).
the first maximum of the power spectrum depends on the total Independently, the matter density parameter has been deter
mined from clustering of galaxies in the 2-degree Field Red-



, homogeneous local mass distribution requires a speciatage
g [T ; LN e e e e Vacuum energy as the solution has been proposed by several au
thors (Baryshev et al. (2001) and others). Sandage empkasis
No Big Bang that no viable alternative to vacuum energy is known at prigse
[ | thus the quietness of the Hubble flow gives strong support for
the existence of vacuum energy.

P 7 Conclusions
The discoveries of dark matter and the cosmic web are two
stages of a typical scientific revolution (Kuhn, 19[70; Trémea
1987). As often in a paradigm shift, there was no single disco
ery, new concepts were developed step-by-step.

First of all, actually there are two dark matter problemse- th
local dark matter close to the plane of our Galaxy, and theajlo
e dark matter surrounding galaxies and clusters of galaXask
matter in the Galactic disk is baryonic (faint stars or japs),
since a collection of matter close to the galactic plane ssjide,

- Clusters <, ] if it has formed by contraction of pre-stellar matter towsatie

@ ] plane and dissipation of the extra energy, that has condénee
% ] flat shape of the population. The amount of local dark matter
1T 900 \ _ is low, it depends on the mass boundary between luminous star

1 and faint invisible stars.
IS WS S EE W A SR The global dark matter is the dominating mass component
0 1 2 3 in the Universe; it is concentrated in galaxies, clusteid sun
0 perclusters, and populates also cosmic voids. Global datk m
M ter must be non-baryonic, its density fluctuations startrtawg
much earlier than perturbations in the baryonic matter,eave

Figure 17: Combined constraints to cosmological densfigs at the recombination epoch the amplitude large enough to for
andQy, using supernovae, CMB and cluster abundance dattstructures seen in the Universe. Initially neutrinosevsug-
The flat Universe with, + Qu = 1 is shown with solid line gested as particles of dark matter (hot dark matter), biseprity
(Knop et al.| 2003). some other weakly interacting massive particles, called co
dark matter, are preferred.

Recently direct observational evidence was found for the

shift Survey and the Sloan Digital Sky Survey. The most aSresence of Dark (or vacuum) Energy. New data suggest that

curate estimates of cosmological parameters are obtaigediys totg) mattgenergy density of the Universe is equal to the

ing a combined analysis of the 2dFGRS, SDSS and the WMAR ¢4 cosmological density, the density of baryonic teais

data (Spergel et al., 2003; Tegmark €tlal., 2004; Sanche? ety,oyt 0.04 of the critical density, the density of dark nmaitte
2006). According to these studies the matter density pa@meqyt 0.23 of the critical density, and the rest is dark eperg
is Qm = 0.27 + 0.02, not far from the valu€n, = 0.3, sug- A number of current and future astronomical experiments
gested by Ostriker & Steinhardt (1995) as a concordant mo¢g|ye the aim to get additional data on the structure and evolu
The combined method yields for the Hubble constant a valy, of the Universe and the nature and properties of dark mat
h = 0.71+ 0.02 independent of other direct methods. Froa, and dark energy. Two astronomical space observatages a
the same dataset authors get for the density of baryoniemag|anned to be launched in 2008: the Planck CMB mission and
Qp = 0.041+ 0.002. Comparing both density estimates we g@{e Herschel 3.5-m infrared telescope. The main goal of the
for the dark matter densifpm = Qm—Qp = 0.23, and the dark pjanck mission is to measure the CMB radiation with a prenisi
energy density, = 0.73. These parameters imply that the agg,q sensitivity about ten times higher than those of the WMAP
of the Universe is 13 + 0.2 Gigayears. satellite. This allows to estimate the values of the cosgiokd
parameters with a very high accuracy. The Herschel telescop

6.2 The role of dark energy in the evolution of covers the spectral range from the far-infrared to subimeiter

the Universe wavelengths and allows to study very distant redshifteectsj

i.e young galaxies and clusters.

Studies of the Hubble flow in nearby space, using obsenation Very distant ga|axies are the target of the joint project
of type la supernovae with the Hubble Space Telescope (HSGHODS — The Great Observatories Origins Deep Survey. Ob-
were carried out by several groups. The major goal of theystugbrvations are made atfiéirent wavelengths with various tele-
was to determine the value of the Hubble constant. As a %pes: the Hubble Space Te|escope, the Chandra X-ray tele-
product also the smoothness of the Hubble flow was inveﬁi:ope, the Spitzer infrared space te|escope’ and by gmm@.r
gated. In this project supernovae were found up to the réidsBhsed telescopes (the 10-m Keck telescope in Hawaii, the 8.2
(expansion speed) 20 000 km's This project/(Sandage et al.; ESO VLT-telescopes in Chile). Distant cluster survey is in
2006) confirmed earlier results that the Hubble flow is vemgtiuprogress in ESO.

over a range of scales from our Local Supercluster to the mostNASA-DOE have approved the mission DESTINY — the
distant objects observed. This smoothness in spite of the in




Dark Energy Space Telescope. Its goal is to detect and ob®&limenthal, G. R., Faber, S. M., Primack, J. R., & Rees, M984]1
precision photometry, light-curves and redshifts of ove@@  Formation of galaxies and large-scale structure with coldmat-
type la supernovae over the redshift range€9z < 1.7 to con-  ter, Nature, 311, 517

strain the nature of dark energy. . Blumenthal, G. R., Pagels, H., & Primack, J. R. 1982Jaxy formation
The largest so far planned space teleSC_Ope IS The_‘]"'j‘m%? dissipationless particles heavier than neutrinature, 299, 37

Webb Space Telescope (JWSP) — a 6.5-m infrared optimized

telescope, scheduled for launch in 2013. The main goal isB@nd, J. R., Kofman, L., & Pogosyan, D. 1990w filaments of galax-

observe first galaxies that formed in the early Universe. ies are woven into the cosmic welature, 380, 603

To investigate the detailed structure of our own Galaxy thgng 3. R. & Szalay, A. S. 1983he collisionless damping of density
space mission GAIA will be launched in 2011. It will measure fiyctyations in an expanding universkpd, 274, 443

positions, proper motions, distances and photometric foath .

billion stars, repeatedly. Its main goal is to clarify thégam and Bond, J. R., Szalay, A. S., & Turner, M. S. 1982rmation of galax-
evolution of our Galaxy and to probe the distribution of dark ies in a gravitino-dominated universPhysical Review Letters, 48,
matter within the Galaxy. 636

The story of the dark matter and dark energy is not over ¥&nd, J. R., Szalay, A. S., & White, S. D. M. 1988pw galaxies
— we still do not know of what non-baryonic particles the dark acquire their neutrino haloedNature, 301, 584
matter is made of, and the nature of dark energy is also unknow

Both problems are a challenge for physics. So far the direct posma, A. 197_8The dist_ribution and kin_ematics of neutra! hydrogt_an in

formation of both dark components of the Universe comedysole spiral g.alax'es of various morphological typdzhD thesis, Gronin-

from astronomical observations. gen Unv.

Bottlinger, K. F. 1933 Beitraege zur Theorie der Rotation des Stern-
systemsVerodfentlichungen der Universitaetssternwarte zu Berlin-
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