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Abstract 

In this work, we develop a new method for determination of the structure of a clastered 
distribution and apply this method studying the observed distribution of galaxies in the 
Universe. 

Using the theory of probability, we carry out a quantative statistical analysis and find 
parameters which characterize differences in the distributions of galaxies in the sky and 
objects in an artificial uniform random field. 

We are able to consider the phase space for objects in the field (for example, for 
stars), but in the case of galaxies, we consider the cut phase space taking into account 
observational data simultaneously - angular separations p between galaxies, and their 
radial velocities V. 

We assume that the radial velocities of these objects indicate their Hubble distances 
and do not consider the peculiar velocities of galaxies. 

We use the following classification of the objects: 

1. members of clusters with different multiplicities; 

2. uniform random distributed single objects in the galaxy field; 

3. single objects inside voids. 

We suggest a definition of the probability Pnch for objects to belong to these classes, 
and the critical values of Pnch for this classification. The relative uncertainties in the 
observations can be take into account. 

In this paper, we consider only an area of the sky with coordinates approximately 
given by 00 < a < 10 and -900 < 0 < +900 

, and study a distribution of galaxies in the 
CfA-Catalogue. The number of galaxies with known redshifts inside this area is 116. 

Our statistical analysis involves the number N = 4.5 X 101 of objects in the celestial 
sphere with the radius corresponding to the maximum value Vmax = 45 000 km/s of 
velocities of galaxies from CfA-Catalogue. 

We take the mean number density of galaxies in the field 

1 



v = 0.05gal/Mpc3 and the Hubble constant H =75km/s/Mpc. 

For every object under consideration , we calculate the probability Pnch and classify 
its. We identify the confident and probable members of galaxy groups and clusters. 

As a result, we have found 19 new confident and probable galaxy groups with multi
plicity n < 7 and one new 'supercluster' with n =31 containing a few small clusters. 

The members of the galaxy clusters are determined, on the average, with the prob
ability Pnch =0.932. For every cluster and different samples of galaxies we define the 
average values of basic characteristics - a angular separation p and a difference dV of 
radial velocities V of objects. 

Between clusters and single galaxies often are confidently determined empty regions 
(voids) with the mean value of Pnch = 0.995. 

Our calculations produce a highly skewed distributions of Pnch for galaxies which have 
above mean values of Pnch, and about 95% of galaxies have Pnch = 0.85 or more. 

We conclude that 75.0% of the galaxies under study are members of clusters. Other 
galaxies in the field are either confident single ones ( 15 galaxies- 12.5%) distributed 
randomly in the field or belong ( 14 galaxies- also almost 12.5%) to voids. 

We have here the cluster-void structure; sometimes in the field we observe few close 
clusters, connected with each other; between clusters and single galaxies we have often 
confident voids. 

We have found also the number of chance pairs of galaxies in an artificial 'galaxy' field 
with an uniform random distribution of objects and the mean values of their characteristics 
p and dV: the number of confident chance pairs of 'galaxies' in this field with Vmax = 45 
000 km/s and N = 4.5 X 107 is 8.3 X 106; for such pairs with V = Vmax the mean values 
< Pch >= (3.0 ± 1.2)' and < dlt::h >= (1289 ± 1087) km/s . 

We also have found two confident real compact galaxy groups with large differences 
dV for their members: the values dV are equal to 2090 and 2076 km/s. 

Keywords: galaxy distribution functions - galaxy clusters - voids - chance 
and non-chance groups 

Introduction 

In the extragalactic field, the basic subject of cosmology is a study of the large-scale 
structure of the Universe extending to large distances of giga-parsecs and a study of the 
dynamics and physical behaviour of a large number of galaxies. 

The main problem of observational cosmology is the study of the distributions of the 
density and velocities of galaxies and quasars on small and large scales. 

On very large scales, the Universe as a whole appears to be isotropic and homogeneous.� 
But observationally, on small scales, on the scale of superclusters the distribution of� 
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galaxies is inhomogeneous, there are filaments, clusters, superclusters, voids etc. 

The detailed analysis of the observational data for galaxies and QSO's show that galaxies 
are not distributed uniformly on the sky. They are segregated into compact clusters of 
different multiplicity. Most clusters are spherically symmetric. Clusters of galaxies tend 
to be grouped into larger structures - superclusters. Superclusters have dimensions of 
the order of 50 Mpc, dimensions of typical galaxies are approximately 30-50 kpc. Most 
galaxies belong to large structures; about 90% of all galaxies belong to some form of 
hierarchical structure. Most clusters are spherical in shape but almost all superclusters 
are flat. Often, superclusters are called 'pancakes' (Zel'dovich 1970). 

The observations of clusters and superclusters show that these objects are distributed 
randomly. But the detailed analysis of the distribution of galaxies indicates that this 
distribution is not uniform. We observe numerous clusters of galaxies as well as regions 
of the Universe which contain almost no galaxies. These regions are called 'voids' (de 
Lapparent et al.1986). Only 10superclusters. 

Several theories of the structure of superclusters tried to explain the large-scale structure 
of the Universe,i.e the processes of formation of condensations of matter in spherical form 
with high density as well as of large scale filamentary and flat structures (cf. Peebles 
1965, Zeldovich 1970, Rees 1985, Einasto et al. 1986, Contopoulos and Kotsakis 1987, 
Shandarin and Zel'dovich 1989, Alexander 1992). 

Numerical simulations of the distribution of matter on large scales give structures of 
comparable size, shape and distribution to those observed ( Aarseth et al. 1979, White et 
al. 1987, Doroshkevich et al. 1980, Kotok and Shandarin 1987, Shandarin and Zeldovich 
1989, and the references therein). The well-known "Hot Big Bang" model of the Universe 
has been very successful on large scales where the Universe is almost homogeneous and 
isotropic. On stnaller scales, there are two basic theories for the explanation of matter 
condensations which form via gravitational instability: isothermal and adiabatic. 

In the theory of isothermal perturbations (Peebles 1965) any density perturbutions in 
the initial matter distribution of the Universe remains unchanged until gravity begins to 
dominate. At this time, any perturbation greater then 105 Mcirc starts to accrete the 
surrounding matter and larger condensations of mass (clusters, superclusters) begin to 
form. By this theory, large structures require a long time for formation. 

In the theory of adiabatic perturbations (Zel'dovich 1970), initial perturbations are large. 
They survive the dissipative processes of viscosity present in the early stages of the Uni
verse's formation. Only concentrations more then 1013 Nlo remain intact until the recom
bination epoch when they collapse via the Jean's instability. In this theory, the larger 
scale structures (superc1usters) form first and elements of structures on smaller scales 
(clusters, groups, etc.) are formed later. In this case, the initial concentrations of mat
ter are very flat in shape. Therefore, this theory is called the pancake theory. These 
'pancakes' fragment to form galaxies. 

Now it is difficult to say which of the two theories better explan the formation and 
evolution of large-scale structure of the Universe. But, in any case, one can say that, 
according these theories, the Universe is neither too young (in the case of the hierarchical 
theory, it would not have had enough time do develop) nor too old (in the case of the 
adiabatic theory, the observed structure of the Universe should not exist at present). 
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We also have observational evidence that dark matter is present on all distance scales of 
the Universe, from its effect on the motion of the Sun, the rotation of galaxies, in the 
dynamics of clusters and superclusters and also in the expansion of the Universe (Einasto 
et al. 1986, Trimble 1987). 

2 Statistical analysis of large-scale structures 

The main feature of the structures of the Universe is that they form from a random 
Gaussian field of density and velocity perturbations. Now from observational data, in 
principle, one cannot obtain the information about cosmological density perturbations at 
the initial linear stage of formation of the Universe. We only can obtain statistically a 
correlation between initial (linear) density fluctuations and the observed structures. 

At present, there are many statistical approaches,describing the large-scale structures of 
the Universe to support or reject different theories of formation of these structures (e.g. 
Jones et al. 1988). 

One of the methods is the correlation analysis which was developed by Peebles and co
workers (see Peebles 1980, and refernces therein). 

The second is a statistical method based on cluster analysis, referred to as precolation 
analysi. First Zel'dovich and Shandarin (Zel'dovich 1982, Shandarin 1983, Shandarin and 
Zel'dovich 1983) applied this method for a study of the structure of the Universe. 

In these statistical techniques usually authors consider independently the angular sepa
rations between the galaxies under study and their radial velocities. They use various 
critical values of these quantities to determine the members of clusters. 

In this paper we suggest another method to study the large scale structure of the Universe. 
This technique was developed by J. Anosova and was earlier applied to groups of stars 
and galaxies (Anosova 1987, 1990a,b). In this method we consider the angular separations 
between galaxies, their velocities and the differences in the velocities. We do not consider 
the peculiar velocities of the galaxies. We assume that the radial velocities of these objects 
indicate their Hubble distances. 

3 Method 

This technique has now been extended to the study of the large scale structure of the 
Universe. We find a deviation of the actual distribution of the galaxies from a uniform 
random distribution in the general field. 

Let's consider a phase space E(R, U), which is a direct product of a sphere E1 (R) of the 
coordinate space with radius R and a sphere E2(U) of the velocity space with radius U 

(1) 

Inside E t the number N of uniformly distributed objects of different kinds (stars, galaxies, 
quasars, their groups and clusters, superclusters etc.) is given by 

(2) 
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where v is the mean number density of objects in E1(R). 

Assuming a homogeneous distribution of the N objects in the region E(R, U) of phase 
space we can define 

•� The probability P(n) that the n objects are inside the region O'(n) by chance. Then 
the group of these n objects is a chance one. 

•� The expectation EX(n) for the number of such chance groups in the full phase space 
E(R, U). 

The probability, P(n), for the group of multiplicity n to be a chance one is given by (see 
Anosova 1987,1 990a,b) 

P(n) = CN:;B(n)n-l[l - B(n)]N-n� (3) 

where 

B(n) = V(O')/V(E),� (4) 

is the probabilty that the n objects are inside the region O'(n) by chance; V(O'n) and V(E) 
are the volumes of region O'n and the sphere E == E(R, U) in phase space; CN:'; is the 
number of combination of n - 1 objects from N - 1, 

n-l _ (N - I)! . 
(5)1CN - - (N - n)!(n - I)!' 

the term 
[l-B(n)]N-n,� (6) 

is� the probability that the other N - n objects are outside the phase space O'n occupied 
by the group of multiplicity n.� 

In order to obtain the expectation, EX(n),for the number of such chance groups with� 
the same multiplicity n and the same observational parameters in the full sphere E, one� 
needs to do the following operations:� 

1.� In expression (3) replace the indices N - 1 and n - 1 by Nand n, since the main 
component A of the group may be anyone of the N objects. 

2. Multiply the new expression obtained by the ratio 

V(E)/V(O') = B(n)-l,� (7) 

which is the number of regions 0' inside the phase space E. 

Then for the expectation EX(n), we obtain the following expression 

EX(n) = CNB(n)n-l[l - B(n)]N-n.� (8) 

For galaxies we can consider only the angular separations between galaxies p and their 
radial velocities v. In this case, the expression for B(n) is the following one: 

3 
2B(n) = 0.25 tan [p/2] ( rR

A )311 - r:r 1� (9) 
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and 

rn/rA = VA/Un. 

for two any members (A, n) of a galaxy group, the values of rA,rn and VA and V aren 

their three-dimensional distances and radial velocities. In expression (9) p is the angular 
separation between galaxies (in radians). 

In order to define the maximal values of P(n) and E.X: (n) we should use 

(10) 

We will use the expressions (3-9) for the probability P(n) that the given group with 
multiplicity n is a chance one and the expectation EX(n) for the number of such chance 
groups inside the phase space E. 

Analysis of the observed data 

The basic general aims of our research are the following: 

1.� Definition of elements of structures of astronomical fields (observed and model) of 
different types, sizes and shapes (star and galaxy groups, chains, clusters, superclusters, 
filaments, voids etc.). 

2.� Selection of basic characteristic parameters of elements of the structure: mass and 
velocity distributions, distributions of magnitudes, morphological types for galaxies 
and spectral classes and classes of luminosities for stars, the geometrical parameters of 
structures under study. Determination of the average values of these basic character· 
istics. 

3.� Study of the dynamics of some samples of different elements of the field and the field 
as a whole within the framework of the gravitational N-body problem with various N. 
At any time we can define the structure of these elements and the full field and also 
follow the evolution of these structures. 

4. Analysis and comparison of the obtained results for model and observed fields. Selection' 
of the most realistic cosmological models. 

In this work, we consider a small portion of the CFA catalogue of galaxies and examine 
a narrow strip of the sky with coordinates 

and� (11) 

where 0, 8 are the equatorial coordinates of the galaxies. The number of galaxies in the 
CFA catalogue with known redshifts inside this area is 115. The full number of galaxies 
inside this area is 176. We omit one galaxy with negative radial velocity because we do 
not consider the peculiar velocities of galaxies. We assume that the radial velocities of 
these objects indicate their Hubble distances. In future, we plan to examine the full sky. 

Initially, before our examination, we know nothing about the distribution of objects in 
the area under study; but after this investigation we will have full information about the 

6� 



fine structure of the galaxy field in this region: every galaxy can be assigned to some 
element of structure of the general field. 

We construct all possible pairs of objects. The number of pairs with different components 
IS 

C~ = n(n - 1)/2 = Npair =6555. (12) 

The full number of such pairs is 2 . Npair = 13110. We determine angular separations 
p, the differences dV of radial velocities, and the 3-dimensional distances T3 between the 
components of all pairs. We take the value of the Hubble constant to be 

H = 75 km/s/Mpc. (13) 

Using our statistical criteria (3-9), we calculate the probability P that these pairs are 
chance ones and the expectation E..Y of such pairs in the full sky sphere. For our calcula
tions we take the average number density 1/ of the galaxies in the field to be 0.05 /1'Ipc3 . 

Comparing the calculated expectation EX with the corresponding number of observed 
pairs, we conclude whether these pairs are chance or non-chance ones. 

Initially we used our earlier criterion (see Anosova 1987, 1990a,b): 

1. The group with multiplicity n is a confident non-chance one if the expectation satisfies 
the inequality 

EX(n) < 1, (14) 

Le., we do not expect any chance group with such observed data. 

2. The multiple is a confident chance group if 

EX(n) ~ N/n, (15) 

where N is the total number of objects in the region ~ and N/n is the maximum 
possible number of groups with a given multiplicity n. 

3. It is difficult to make any definitive statement about a group if the following inequality 
holds: 

1 < EX(n) < N/n.. (16) 

In this case we can only identify the group as a probably non-chance or chance one. 

Sometimes the value EX > 1 can be due to internal dispersions and uncertainties of 
radial velocities of the members of groups. 

We classified the groups of objects (stars and galaxies) according to the following scheme: 

I Confident non-chance groups 
II 
III 

Probable non-chance groups 
Probable chance groups 

(17) 

IV Confident chance groups 

If the redshifts indicate the distances of the galaxies from the Sun, close non-chance groups 
of galaxies are systems with physically connected components; the members of wide non
chance groups are confident single galaxies belonging to voids (between members of wide 
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non-chance groups there are - to a high degree of confidence - empty regions (voids)). 
Chance groups are fortuitous groupings of galaxies and may be called 'optical' ones. The 
members of such optical groups are single objects of the 'normal' galaxy field. If we 
consider pairs of objects and in the same region we have a few or many confident or 
probably non-chance pairs with physically connected components, then in this region we 
have a confident or probably non-chance group or cluster of these objects. 

For all pairs of the galaxies under study only;:::: 1000 pairs (from N pair = 6555) have 
EX(n) > 1. Therefore, the components of most pairs of galaxies with EX (n) < 1 are 
either members of clusters or single galaxies inside voids. Fig. 1 shows the distribution of 
all CfA galaxies in the area under consideration. At first sight, we can indeed identify a 
cluster with coordinates 0° < a < 0.45° and 8 ~ -36.4°. 

A model of the galaxy field: definition of the basic 
characteristics of chance and non-chance pairs 

As seen above, the expressions (3), (8) contain two different terms B(n )n-l and [1 
B(n)]N-n. The first is an indicator of clusters of objects inside the field, and the second 
is an indicator of voids. Therefore, we expect that with an increase in the volume V(0') 
occupied by the group, the values of P(n) and EX(n) also increase initially, reach their 
maxima, and then decrease till pen) ~ 0, EX(n) < 1. 

For every phase space volume ~(R) with radius R and the assumed average number 
density II of the objects, we can find the maximal number 

(18) 

of chance groups with a given multiplicity n and the their typical basic characteristics. 

We now introduce a new criterion for the classification of structures: 

1. a galaxy pair is a chance one with the probability 

Pell = EX(n)/ EXmcu:(n)i (19) 

2. a group is a non-chance one with probability 

Pnch = 1 - Peh' (20) 

For confident chance pairs which satisfy condition (18) we have 

Peh = 1. (21) 

For a definition of EXma;r{n) we consider a model of the galaxy field which is the phase 
space sphere E(R) of radius R corresponding to the largest radial velocity V of galaxies 
in this field. 

We examine the galaxy fields with various V corresponding to the observed data for the 
CFA galaxies: 1000 ~ V ~ 45000 km/s. Using the expression 

4 3N = -lIR ,
3 
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for every V we find the total number N of galaxies inside this field. We construct model 
pairs of galaxies with various values of the angular separation P and difference of radial 
velocities dV: we scan dV and p in the following intervals: 

• we choose dV such that dV/V lies in the interval (0.0, 1.0). 

• in order to obtain typical values of the parameters for galaxy pairs of all classes I-IV 
(see (1 7» we examined a large range of angular separations between galaxies from 0° 
to 50°. 

When we scan both values dV and p independently (p for fixed dV and vice versa), 
sometimes we obtain the different quantities 

EXmax(n)(dV) and EXmax(n )(p). (22) 

In such cases, we calculate the average value 

EXmax(n) =< EXmax(n) >= [EXmax(n)(dV) + EX(n)max(p)]/2. (23) 

Further, we will use both these values, obtain two probabilities Pch(dV) and Pch(p) and 
calculate the average value 

(24) 

Figure 2 shows the functions Pch(p) with argument p for V = 1000 km/s for few different 
dV. We can see that for both values of V, for small and large values of p, Pch(p) is 
very small; for intermediate values of p, Pch(p) initially increases monotonically, attains 
a maximum and later decreases monotonically to zero. In fact, this behaviour is seen for 
every value of V. For Pch(dV) we have an almost similar behaviour, but for smaller V 
(~ 1000 km/s) and larger dV this function cannot reach small values. 

For every EXmax we fix the corresponding quantities dV and p. These values are the 
typical ones d~h and Pch for confident chance pairs of galaxies satisfying the condition 
(21). For a given V and a range of values for one quantity (for example, dV) we can 
define the average value and r.m.s. deviations for the other quantity (p) and vice versa. 

Table I shows these values for pairs of galaxies of the model fields: for a given V, this 
table contains the number N of galaxies in the phase space ~(R), the values EXch = 
EXmax(2)(n = 2), as well as the average values d~h and Pch and their r.m.s. deviations 
f?r confident chance pairs of galaxies. The last two quantities in Table I will be described 
below. 

We can see that for small V, and correspondingly, small dV, for typical chance pairs 
the value of < Pch > is large. With increasing V and dV these values decrease quickly. 
For the largest V (45000km/s) < Pch >= (3.0 ± 1.2)'. For this value of V, < dVch >= 
(1289 ± 1087) km/s. This is related to the problem of discordant redshifts of galaxies in 
compact groups. If the group of galaxies is very far from the Sun, the two dimensional 
projection may be compact, but velocity differences dV may be more then 1000 km/s for 
chance members. If dV is much less than this, then this group is a physically connected 
one; if dV is much more than 1000 km/s then it is a confident non-chance phenomenon. 
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It may be an effect of projection or the radial velocities of the galaxies are not indicative 
of their Hubble distances. 

The statistical analysis involves the number N of objects inside the sphere ~(R). Note that 
for the largest V (45000km/s) this number is very large viz., 4.5 x 107 

• The corresponding 
number of confident chance pairs EXch is also large: 8.3 X 106 

• It's interesting that for 
all V we obtain 

EXch = 0.367N/2 = P(n = 2).� (25) 

Now for all model and actual pairs of galaxies we will consider the ratios 

k(p) = p/Pch and k(dV) = dV/ d~h.	 (26) 

We will call these values the normalized angular separations p between the galaxies and 
differences dV of their radial velocities. 

For model galaxy fields with various V in the interval [1000,45000J km/s in steps of 
1000 km/s, we define the following quantities: 

1.� for every k(dV) in the interval (0.0,1.0) in steps of 0.1 the ratios k(p) corresponding to 
values 

Pch = 0.25, 0.50, 0.75, 1.00 (27) 

(when the fu.nction EX(n = 2) increases monotonically) and 

Pch = 1.00, 0.75, 0.50, 0.25� (28) 

(where this function decreases monotonically); 

2.� For every k(p) from the same interval and with the same stepsize, the ratios k(dV) for 
the same values of Pch. 

The main result of the foregoing analysis is that for various V and k(dV) and k(p) we 
have practically the same values of k(p) in the first case and k(dV) in the second case for 
every Pch from (27) and (28). 

Table II shows the average values < k(p) > and < k(dV) > and their r.m.s. deviations for 
various values of V for Pch from (27,28). We can see that the r.m.s. deviations of these 
values are very small. Note that for the same value of Pch to the left and right of Pch = 1 
we obtain very different values of < k(p) > and < k(dV) >. For the Pch in (27), these 
quantities are small for confident non-chance pairs with physically connected components; 
for the Pch in (28), they are large for confident non-chance pairs with voids between the 
components. 

16 Criteria for the classification of galaxy pairs 

INow we propose to use Pch , < k(p) > and < k(dV) > from Table III for a classification 
rf the galaxy pairs into the following new classes I - VIII: 

II.� pairs with 0 ~ Pch ~ 0.25 are confident binaries with physically connected components 
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II. if 0.25 < Pch ~ 0.50, the pairs are probable binaries with physically connected compo
nents 

III. if 0.50 < Pch ~ 0.75, the pairs are 'close' probable chance ones 

IV. if 0.75 < Pch ~ 1.00, the pairs are 'close' confident chance ones 

V. if 1.00 > Pch ~ 0.75, the pairs are 'wide' confident chance ones 

VI. if 0.75 > Pch ~ 0.50, the pairs are 'wide' probable chance ones 

VII. if 0.50� > Pch ~ 0.25, the pairs are probable non-chance ones. In the absence of any 
other galaxy between the components of a such pair, the components are separated by 
a void. 

VIII. if 0.25� > Pch ~ O,the pairs are the confident non-chance ones with void between the 
components. 

The ranges of < k(p) > and < k(dV) > corresponding to the various classes are deter
mined from the critical values of these quantities given in Table IILt 

The last two columns of Table I show, for different V, Pma:c(I), the maximum value 
of P for class I, and Pmin(VI I I), the minimum value of P for class VIII. Here Pmax( I) 
and Pmin(VI I I) represent the actual angular separations, and are determined from the 
normalized values by using the average value of k(dV) for each V. We can see that for 
smaller V, P is very large, and for the larger V it is very small. 

Application to the efA catalogue 

Using the criteria described in the previous section, we search for and classify the actual 
pairs of galaxies from the region of the CfA Catalogue under study. This results in the 
determination of clusters, single galaxies and voids in the galaxy field. 

We determine that indeed in the area with coordinates -0.01 0 ~ 0: ~ 0.450 and 8 ~ 

-36.4° we have the largest cluster with n = 31. Moreover, this cluster consists of four 
smaller clusters. The cluster la consists of five subclusters. Hence we denote cluster 1 as 
'supercluster-I'. 

We also calculate the probabilities Pnch of confident and probable physical connection 
between the subclusters and the small clusters of supercluster-1. We show that subclusters 
of cluster la have confident physical connections; but, in most cases, the clusters la-ld 
have only probable physical connections with each other. 

Fig. 3 presents the relative positions of the members of the supercluster-l as well as clusters 
2,3,6 and the single galaxies g4 and g89 which are visually close to the supercluster-I but 
are separated when we apply our method. 

We also determine single galaxies in the galaxy field. The nearest neighbour of such a 
galaxy forms, together with the given galaxy, a confident or probable chance pair (classes 
III - VI of our classification) or a pair with confident or probable voids between components 
(classes VII and VIII). 
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In the fact that Pnch for pairs of classes I,ll and VII,VIII is often large (::::: 1); there
fore, these pairs are identified very confidently. 

8 The average confidence level of determination of 
galaxy groups and voids 

At the beginning, for our classification (section 6) we used the critical confidence level 
P~hit = 0.75 or P~~1t = 0.75. Now we can define the average values of the probabilities 
< P nch > and < P ch > for clusters and single galaxies in the galaxy field. These values 
< P nch > and < P ch > show the resulting average confidence level of our classification. 
We find that the real confidence level of this classification is high; for clusters we have 

< P nch >= 0.904 ± 0.133 (29) 

and for voids 
< P nch >= 0.995 ± 0.014. (30) 

Only for chance pairs, we obtain the average confidence level to be 

< Pch >= 0.752 ± 0.112, (31) 

which is close to what we choose initially. If we exclude the 6 galaxies which are only 
probable members of the clusters with smallest Pnch (using the statistical criterion of a 
20' deviation), then we obtain the new average confidence level 

< Pnch >= 0.928 ± 0.099 (32) 

with a small r.m.s. standard deviation for the remaining 83 members of the clusters. 

We also determine the average characteristics and their r.m.s. standard deviations for all 
the clusters: the three-dimensional distances < r3 >, angular separations < p > and the 
differences of radial velocities < dV > between members of clusters or the single galaxies 
and their nearest neighbours; the quantities < V >, < a > and < 8 > show the three
dimensional positions of the centers of the given cluster; the r.m.s. standard deviations of 
< V >, < a > and < 8 > show the three average sizes of clusters in the line-of-sight and 
the equatorial coordinates. 

The distributions of r3, P and dV for the members of clusters and single galaxies of the 
field, as expected, are very different.� 

Tables III show the distribution of the multiplicity n for clusters and different samples.� 
Here Nn is the number of clusters with multiplicity n, Nga1 is the number of galaxies� 
belonging to clusters and samples, and dn1 , dn2 , dn3 are the corresponding fractions. We� 
can see that 75.0% of the galaxies are confident or probable members of clusters; only� 
25.0% are the single galaxies and half of these objects are inside voids.� 

9 The cluster-void structure of the Universe 

Let's consider for every object nl (clusters and the single galaxies) the sequence of neigh
bours and find the number of nearest neighbours, n2, with which the given object nl has 

12� 



a confident or probable void-connection with probability Pnch > 0.75, k(p) > k(p yrit = 
1.631 and k(dV) > k(dv)crit = 2.767 (classes VII and VIII of our classification). For 
members of clusters, we define the average values of the probabilities < Pnch >, three
dimensional distances < ra >, angular separations < p > and differences < dV > of radial 
velocities for pairs the components of which are the given object nl and the object n2' 

Because the subclusters la-5a of the cluster la and clusters la-d have confident or prob
able physical connections with each other, we consider together all 31 members of this 
supercluster-l. Clusters lla,b and 12 have only confident or probable chance connections 
with each other; therefore, we consider these clusters separately. We can see that only 
these last clusters lla,b and 12 have a few nearest neighbours (the same clusters) with 
chance connections. If we combine these clusters than we see that for all clusters and 
single galaxies the number n2 is 1 or 2. In most cases (31 out of 49: 63.3%) n2 = 1. 
Therefore, we can conclude that in the examined part of the Universe the normal galaxy 
field with random distributed galaxies does not exist. We find instead a cluster-void struc
ture. The structure consists of single clusters, groups of a few connected clusters, single 
(isolated) galaxies and binaries. Between these we have voids with an average confidence 
level of 

< Pnch >= 0.987 ± 0.028. 

10 Conclusion 

Now we can formulate our basic results: l.extention of the technique for the statistical 
study of the large-scale structure of the Universe; 2.a development of new objective criteria 
for classification of galaxies as confident or probable members of clusters or single galaxies 
inside the normal galaxy field and voids; 3. we apply our method to galaxies from the CFA
catalogue in narrow area of the sky and determine about the 20 confident and probable 
non-chance galaxy groups of different multiplicity as well as about 30 confident single 
galaxies in the field, 15 of them have nearest neighbours with confident or probable chance 
connection; 14 galaxies reside in confidently determined voids. 

The average confidence level for determination of members of galaxy clusters is 

Pnch = 0.932 ± 0.067, 

for voids it is 
Pnch = 0.995 ± 0.014. 

We also shown that between all clusters and single galaxies there are confidently deter
mined empty regions-voids. 

Therefore, we conclude that in the examined part of the Universe the normal galaxy field� 
with randomly distributed galaxies does not exist.� 

We plan to study in future distributions of galaxies and quasars in the full sky sphere.� 
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Table I: Characteristics of typical chance pairs in the galaxy field 

V N EXch < dl/;;h > Pch Pmax(I) Pmin(VI I I) 
km/s km/s arcmln arcmln arcmin 
1000 5.0x102 9.1x101 98±85 898±278 374 2250 
2000 4.0x 103 7.3x 102 106±88 319±101 133 796 
3000 1.3x104 2.5x 103 162±1:J8 174±55 72 433 
5000 6.2x 104 1.1 x 104 226±190 80±25 34 201 
6000 1.1 x 105 2.0x 104 262±222 61±19 25 152 
8000 2.5x 105 4. 7x 104 326±276 40±12 16 99 

10000 5.0x105 9.1 X 104 387±327 29±9 12 72 
20000 4.0xl06 7.3x105 666±562 10±2 4.1 25 
35000 2.1x101 3.9x 106 1050±886 4.5±1.5 1.9 11 
40000 3.2x101 5.8x 106 1172±988 3.6±1.2 1.5 9.1 
45000 4.5x101 8.3x 106 1289±1087 3.0±1.2 1.3 8.0 

Table II: The average critical values of the ratios k(p) and k(dV) 

Pch < k(p)Crd > < k(dv )crlt > Classes 
0.00 < 0.318 < 0.100 
0.25 0.318±0.012 0.100±0.002 I confident clusters 
0.50 OA80±0.019 0.229±0.OO4 II probable clusters 
0.75 0.646±0.025 OAI6±0.008 III 'close' probably chance pairs 
1.00 1.000±O.OOO 1.000±0.000 IV 'close' confident chance pairs 
1.00 1.395±0.054 1.998±0.045 V 'wide' confident chance pairs 
0.75 1.631±0.063 2.767±0.089 VI 'wide' probably chance pairs 
0.25 1.914±O.O74 3.902±0.229 VII probable voids 
0.00 > 1.914 > 3.902 VIII confident voids 



Table IlIa: The multiplicity and frequency of galaxy clusters 

n Nn dnl 
31 1 0.267 

6* 2 0.086 
5 2 0.086 
4 2 0.069 
3 2 0.052 
2 11 0.190 
1 29 0.250 

• Clusters I1b(n = 6) and 12(n = 6) have two common probable members. 

Table IIIb: The frequency of galaxies in the various samples 

Sample Nga1 d'TJ.2 Sample Nga1 dn3 
discords 3 0.026 discords 3 0.026 
inside clusters inside clusters 

clusters with 84 0.724 clusters with 74 0.638 
probable members confident members 

single galaxies 29 0.250 single galaxies 39 0.336 
Total 116 1.000 116 1.000 



Captions� 

Fig. 1.� Distributions of galaxies on the sky: the galaxies with unknown radial velocities are 
indicated by empty squares; the members of clusters are connected by lines; the tri
angles indicate single galaxies in the field; the numbers correspond to the numbers of 
clusters. 

Fig. 2.� The dependence of Pch on p for V = 1000 km/s and the various dV. The critical values 
of pcrit, pgrit and the classes of the galaxy pairs are indicated. 

Fig. 3.� Positions of the members of supercluster 1: subclusters a1-a5 of cluster la, and clusters 
1b-d. The members of clusters 2, 3, and 6 as well as two single galaxies g4, g89 in the 
same region of the sky are indicated. 
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Model distribution of expectations 

v = 1000 km/s 
1 / :", 

I'" \",
I:,' \ ". 

....\I," 
1,: \ ". 
I:' 

dv = 900 500 100 km/s 0.8 ,... 

I:' 
\ \// 
\ ...1/. 
\ ....If 
\ \I:' 
\ ...I:' 
\ ~I! 
\ ...I:' 
\... :/: 

I,: \ '.. : 
, \ ... :/:, 

/: , \ : 
\ ",:0.4 

, 
I,:'i \Ii ,", 

Ii
\ :\ , 

~, 

./: ,: '...� 
i ... 
:\ '" 

0.2 \ ... 
\ .. 
\ '\ 

\ ' .. 
II III IV v VI VII 

O~...L..--L.---J.&..--l..----:..J._.L...o...-....I....-.......L.-.---L.-~_L.-..L.--~~~~_""--....L-...I.........L...~_i..-..a......-....I.----L.-----I
 

o 10 20 30 40 50 
p 



-36.1 

-36.2 

-36.3 

a4 

-36.4 

\ 
..... 

a4 

-36.5 
-0.2 o 0.2 0.4 0.6 a 


