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ABSTRACT

Recent observational data indicate that most galaxies
are concentrated towards superclusters which consist ba-
sically of galaxies and clusters of galaxies. Giant volumes
between superclusters are almost empty of visible objects.

Modern theories of galaxy formation predict the for-
mation of superclusters and giant voids. Large-scale
structure changes very slowly, thus the currently observed
structure reflects the whole history of galaxy formation
and of structural evolution. The astronomers' task 1is to

decode this eyewitness story.

1. INTRODUCTION

According to the traditional picture based on the
study of the apparent distribution of galaxies on the
celestial sphere, galaxies are distributed more or less
randomly, showing a moderate tendency to clustering. Sta-
tistically the clustering tendency can be expressed in
terms of the galaxy covariance function [1]. The use of
modern sensitive detectors has made it possible to deter-
mine redshifts of galaxies in large quantities. The red-
shift, interpreted as the speed of the expansion of the
Universe, 1is proportional to the distance of the galaxy
from the observer. Combined with the apparent position on
the sky, it is now possible to derive a three-dimensional
distribution of galaxies in space.

The results of recent studies of the three-dimensional
galaxy distribution are surprising. The vast majority
(80-90 %) of galaxies are concentrated towards strings of

galaxies, groups and clusters of galaxies [2—6}. Neigh-



bouring strings form a connected network which convention-
ally can be called superclusters [3]. Superclusters fill
only a small fraction of the total space (less than 10 %),
the remaining space between strings and superclusters con-
tains almost no luminous matter [3, 6]. The diameter of
voids between superclusters reaches 100 h_1 Mpc, where h
is the Hubble constant in units of 100 km s | Mpc—1 [3,7],
and such voids make up more than 90 % of the total volume
of the Universe.

This picture, particularly the presence of giant
voids, differs completely from earlier expectations. It is
not surprising that these observations raise two questions.
First, is it necessary torevisée the fundamental cosmclogy,
the Friedman-Lemaitre model of the Universe? And the se-
cond question is, what does the observed structure tell us
about the formation of galaxies?

Observed random velocities of groups and clusters
perpendicular to the neighbouring string network are very
small, of the order of < 100 km s_1[6]. During the whole
Hubble time a galaxy with such a small velocity could tra-
vel a distance, less than 1 Mpc. Thus the presently avail-
able structure should reflect the history of its formation
and evolution. Superclusters as a whole may have larger
random velocities [1, 8, 9], however this will not alter
the conclusion that the structure of the Universe changes

very slowly.

2. IS THE OBSERVED STRUCTURE COMPATIBLE WITH
THE FRIEDMAN-LEMAITRE MODEL?

Voids having a volume of about one million cubic Me-

gaparsec seem to be very large. The comparison of large



voids found so far indicates that this is just the charac-
teristic volume of voids between superclusters [3, 7],
smaller voids seem to be subunits inside the big ones.

In an expanding Universe the diameter of voids ex-
pressed in redshift units remains constant (in the case of
a non-decelerating Universe), thus we can adopt as a first
approximation Az = 0.03. Let us assume that the cellular
structure was formed at 2z = 3-10, as indicated by a com-
parison of densities in various structural elements and by
the cut-off of quasar redshifts at z = 3.5 [3, 10]. If
this is the case, then within the horizon our Universe
should contain 106 - 107 cells.

Presently there is little or no evidence for the pre-
sence of still larger structural units in the Universe.
Cell dimensions in comparison with the Universe as a whole
are still small, thus we see at present no need for a re-
vision of the fundamental principles of cosmology. Con-
fidence in the classical model is further strengthened by
the fact that the observed structure can be reproduced
using a numerical simulation based on the Friedman-Lemaitre
model, as well as by small temperature fluctuations of the

microwave radiation.

3. TWO SCENARIOS OF GALAXY FORMATION

At the present time it is difficult to infer the
type, spectrum and amplitude of initial perturbations from
general physical principles.So theorists consider all pos-
sibilities. The most developed scenarios of the formation
of the large-scale structure are based on two different as-
sumptions about the character of perturbations in the pre-

decoupling era.



According to one of the scenarios at an early stage
both matter and radiation density were perturbed. These
perturbations are called adiabatic because the entropy
distribution (the ratio of baryons to photons) was uniform
( D1] and references herein).

In the other case it is supposed that the matter den-
sity was perturbed but the radiation density was not.
These perturbations are known as isothermal ones since in
this case temperature was the same everywhere [12, 13].

The principal difference between these two scenarios
lies in the scale of post-decoupling perturbations.

Adiabatic fluctuations on scales smaller than a char-
acteristic mass 1013-1015 Mo were damped due to photon
viscosity [14]. After decoupling one finds no fluctuations
on scales smaller thanh this limit. Perturbations of the
scale 1013-1015 Mo had the largest amplitude, thus under-
and overdensities of this scale developed first. This
theory suggests that large-scale structures, giant voids
and protosuperclusters were the first objects to form,
while the Universe was still in the gaseous phase. Accord-
ing to this scenario, galaxies and clusters of galaxies
formed in dense regions after the gas collapsed and cooled.
The formation started at a relatively late epoch,z = 3-10.

According to the isothermal scenario, small-scale
density fluctuations were not damped. As a consequence,
the mass of the first objects to be formed was determined
>-10% M .

e

Thus globular cluster sized objects were the first pri-

by the respective Jeans mass after decoupling, 10

mordial building units formed soon after decoupling,
z'~103. During the subsequent evolution gravitation was
the principal driving force. Larger building blocks,

galaxies and clusters of galaxies, were built up step by



step by gravitational clustering.

Numerical simulations have been carried out in the
framework of both scenarios. Surprisingly enough, simula-
tions based on completely different assumptions show si-
milarity of essential feature [15-17] . The principal
structural elements, such as rich clusters and huge voids,
do form in all simulations. There are differences in de-
tails, but they are not large and much work is to be done

before we understand them quantitatively.

4. THE STRUCTURE OF THE UNIVERSE AND
THE CATASTROPHE THEORY

The present-day structure of the Universe had to de-
velop from initial post-decoupling perturbations. Initial
perturbations had a velocity field either from the very
beginning or this field would develop during the subse-
quent evolution. The evolution of a velocity field had one
important consequence. As the velocity field developed
into nonlinear stage, singularities were built up by the
concentration of matter into surfaces, lines and points of
intersection of particle trajectories (caustics). Singular-
ities of this kind are studied in a mathematical theory
known as the catastrophe theory [18, 19].

Different types of fields have different kinds of
singularities. As it was demonstrated by Lifshitz [20],
perturbations of a potential type (rot V=0) grow with
time, so we shall consider only the evolution of perturba-
tions of this type. The evolution of singularities of this
type of fields has been recently studied by Arnold and co-
authors [21]. It has been found that pancake-like singular-

ities known in the catastrophe theory as lips formed



first as suggested earlier by Zeldovich [22]. At a later
epoch pancakes intersected and formed a fairly regular
cellular structure. Matter continued to flow toward the
pancakes and their intersection lines, thus the density of
singular surfaces, 1lines and points (intersection of se-
veral pancakes in cell corners) was steadily growing. All
this happened during the gaseous phase of the evolution of
the Universe. This phase ended with a continuous network
of high density gaseous sheets, strings and knots. Dense
gas regions were excellent places for star formation, and
it 1is natural to expect that star and galaxy formation
started here.

5. OBSERVABLE DIFFERENCES EXPECTED IN DIFFERENT
FORMATION SCENARIOS

Let us first consider the isothermal scenario. As we
noted earlier, in this case dominant post-decoupling per-
turbations had a scale corresponding to a mass of 106 M@.
Cluster-like objects formed very quickly after decoupling
and most of the primordial gas went into stars at an early
stage [23]. Large-scale structures, such as superclusters
and large voids, were due to large-scale perturbations,
which needed much more time to develop. Galaxies should
have a tendency towards clustering, but could be found
everywhere between clusters and strings. Strings should be
shorter and not connected with other structural elements,
voids should have moderate sizes.

All these expectations have been confirmed by re-
spective numerical simulations [15, 16].

Let us now consider the adiabatic scenario. As al-

ready pointed out, in this case small-scale perturbations



were damped. As a consequence the Universe evolved much
more slowly and was gaseous for a long time. Accordingly
cellular structure and voids had a larger scale and formed
later. In contrast to the isothermal scenario, large-scale
structural building blocks (clusters and groups of ga-
laxies) formed along the initially continucus pre-exist-
ing network of strings and knots. The density of gas be-
tween the strings was small and its temperature was high.
Thus no galaxies should have been formed outside the
strings and knots [24]. Some gas (and dark matter) is
still in "empty" areas, because it is difficult to evacu-
ate these large regions completely [3], but this gas
should have had primordial abundance. In this case the
further evolution of the cellular structure was due to
gravitational clustering and Hubble expansion. Numerical
simulations [17] have demonstrated that after some time
the cellular structure would be destroyed and clumps of
still larger masses than superclusters would be formed, as
is the case also in the isothermal scenario. The speed of
this evolution and, consequently, the duration of the
cellular phase depend on several factors: the epoch of the
formation of the cellular structure, the density parame-
ter, etc. During the cellular phase the string network
should be maintained. Due to expansion, originally con-
tinuous strings should be broken into pieces. These pieces
must point to each other, in other words, they should lie
along the same line as a dashed curve. Rich clusters of
galaxies should be centres of several strings, since they
were formed in cell corners.

It is well known that most of the mass in the Uni-
verse is in some hidden form [25]. If this dark matter is
made of heavy neutrinos then the scenario of galaxy forma-



tion will be similar to the adiabatic one [26-28]. Pos-
sible role of supernova explosions to the formation of
large-scale structure was studied by Ostriker and Cowie
[29].

To summarize, the expected differences are of two
types:

(1) the composition of the gas outside superclusters,
and (2) the fine structure of superclusters and "empty"
areas.

Gas layers in cell walls can be studied using absorp-
tion line spectra of distant quasars as suggested by Oort
[30]. Here not only the presence of gas but also its che-
mical composition is important.

Geometrical properties of alignment of galaxies and
clusters of galaxies can be best studied in our vicinity.
Very accurate redshifts are needed, but modern 21-cm and
optical observations supply data of sufficient accuracy.
Here three problems still make a straightforward inter-
pretation of observations difficult: (1) dynamical velo-
cities of galaxies in clusters and in groups, (2) the real
gravitational redistribution of galaxies, and (3) dynami-
cal velocities of clusters as a whole [9].

We also note the importance of studying "empty"
areas. So far the attention of astronomers has been con-
centrated on rich clusters and other prominent features.
The study of empty areas needs coverage of large areas in
the sky up to a fairly faint apparent magnitude, thus de-
manding much observing time. But the basic differences
between different formation scenarios are expected to be
just here.

Several authors [3, 6, 31] have already wused geo-

10



metrical arguments to give support to the adiabatic sce-
nario. The opponents have noted, especially in private dis-
cussions, that the arguments are gualitative and descrip-
tive. We agree with this criticism. The tests should be
impersonal and quantitative. So far no convincing tests
have been suggested.
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FIGURE CAPTIONS

Fig. 1. Distribution of Zwicky [32] clusters of galaxies
near the Galactic North Pole: (a) between distances
60-80 Mpc, (b) 80-110 Mpc, and (c) 110-150 Mpc for Hubble
constant H = 100 km s—1Mpc—1 [33]. Clusters have been num-
bered according to Uppsala Catalogue of Galaxies [34],
rich clusters are denoted by filled circles, respective
Abell Catalogue [35] numbers are also given. Crosses indi-
cate radio galaxies, triangles extended X-ray sources.
These figures demonstrate that most clusters of gal-
axies form chains. At different distances the chains are
located at different places. Clusters 234 (A 1367), 251,
256, 260 and 276 (A 1656) form the main chain of the Coma
supercluster. A number of other superclusters is also

seen. Big empty areas are clearly visible.

Fig. 2. Plots of galaxies 1in YZ-plane in thin X sheets
[36], Z-axis is directed toward the supergalactic pole,
Y-axis approximately to the Coma cluster, our Galaxy lies
at the centre. Galaxies of different absolute magni-
tudes have been plotted by following symbols: (X) brighter
than -21.0, (A) -21.O<§MB<-19.5, (X) -19.5¢« MB<—18.O. (+)
My 7 -18.0.

Figures show a network of galaxy strings. Near the
supergalactic plane (the plane of the Local Supercluster,
Z = 0) strings are closely located. Between the Local Su-
percluster (X = 0, Y = 10, Z = 0) and the Coma super-
cluster (X =0, Y =67, Z = 10) a continuous network of
strings is located. Diameters of empty areas far from the
supergalactic plane are larger than near rich clusters,

the density of galaxies is smaller. Here only bright gal-

15



axies have been observed so far which makes the identi-
fication of strings difficult (note that strings between
Virgo and Coma clusters contain basically only dwarf gal-
axies).
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YO 523, 855

OrpOMHHE TIYCTOTH BO BceJileHHON: pacckas "ouesupua" o6
O6pa30OBaHUMU TIaJIaKTHK.
. B. 3ensmoBud, . DHHacTto u C. ®. llaHODapuH

PaccMaTpyBawTCsI OCHOBHHE HabJuoOaTeJslbHHe OaHHHE O
CTPYKType BCeJIeHHON: HaJHYHe O6O0JIbIMX 'KaBepH, I'Je OTCYTCT-
BYKWT CKOIIJIEHHsI TajlakKTHK H YHCJIO raJJaKTHUK OYeHb MaJjlo, a
TaKXe CBEDPXCKOIJIEHHH, COCTOAmMX M3 B3aHMOCBA3aHHOI CHCTEMH
LIeloYeK rajlakTHK U CKOIJIEHUH TraJjlJaKTHK. OIMCHBAKWTCA 3HTPO-
NUMHag MW anuadaTHUYecKas Teopus o6pa3oBaHUs TIaJIaKTHK H
TeopUusa KaTacTpod B NpUMEHEeHHH K Oo6pa3OBaHHI0 CTPYKTYypw Bce-
JIEHHOW . PaccMaTpHBawTCsa OXHIOaeMue pas3jiIMius B CTPYKType CO-

I'JIACHO OBYM TEOPHAM U BO3MOXHHE HabmogaTeJIbHHe TeCTH.



