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Abstract

Since the appearance of the widely used model proposed by Press and
Schechter (1974), much theoretical work was devoted to the study of the
mass function of cosmic structures. In fact, the mass function can provide
constraints on the cosmological model of the large scale structure of the
Universe. Groups of galaxies may represent an example of cosmic structures
quite suitable for this analysis. In fact they have been observed by many
authors and many catalogues of data are now available. Moreover, the
estimation of the mass of each group is not too uncertain since many red-
shifts of group members are available in new catalogues.

The first estimate of cosmological parameters using groups of galaxies is
due to Gott and Turner (1977) who used their group catalogue (Turner and
Gott 1976) to estimate the index n of the power spectrum of primordial
density fluctuations. Now a much richer and more accurate amount of
data is available so that the estimation of the group mass function and
the comparison with theoretical models can be performed on more solid
observational grounds.

[ consider five different group catalogues available in the literature:
Geller and Huchra (1983); Tully (1987b); Vennik (1984); Ramella, Geller
and Huchra (1989) and Maia, da Costa and Latham (1989). The features
of each catalogue are analysed in detail and particular attention is paid to
the effect of observational biases. Several mass estimators proposed in the
literature are considered and the dependence of the derived mass function
on the estimator used is tested. In the literature it is commonly assumed
that groups have reached a stationary dynamical equilibrium so that the
conditions required by the virial theorem hold. This assumption is tested
for the groups of each catalogue using a general method whose main fea-
tures are described. Finally the set of all five group catalogues is tested in
order to determine whether they give homogeneous distributions not only
for the mass but also for all the main physical parameters of galaxy groups.

The main results I obtained can be outlined in the following points:

x1
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e In each catalogue all mass estimators yield nearly the same mass
distribution, so that all considered mass estimators seem to be homo-
geneous.

e In each catalogue the groups are likely to be in a phase characterized
by strong dynamical evolution and only a small fraction of the ob-
served groups (~ 10%) have reached the virial equilibrium; hence, I
have tried to correct the mass of each group in order to account for
the non-virialized dynamical state.

o The set of five catalogues analysed is not homogeneous not only with
respect to the mass distribution but also with respect to the distri-
butions of all main physical parameters of groups.

e The group catalogue property mainly responsible for the detected in-
homogeneity seems to be the group identification algorithm, although
other features of catalogues may play a non-negligible role.

e The analysis to groups within 20 Mpc from us is also considered in
order to reduce the observational bias that seems to affect all the cata-
logues; the main results, concerning the inhomogeneity of catalogues,
the stability against various mass estimators and the dynamical state
of groups, do not change; hence, it seems that the presence of obser-
vational bias does not significantly affect the results obtained.

These results suggest the need of a new definition for groups of galaxies
and consequently the introduction of a new identification algorithm that
could possibly overcome the inhomogeneity shown by present catalogues.
A useful tool to test new identification algorithms can be provided by nu-
merical simulations of galaxy clustering.

The mass distribution functions that I have obtained from the various
catalogues can be profitably compared with theoretical predictions (e.g.
Press and Shechter, 1974) in order to extract valuable constraints on the
cosmological models of the formation and development of the large scale
structure of the universe.






Introduction

Recently, a great deal of attention has been paid to the mass function
of cosmic structures; namely the abundance f(M) of bound objects of
cosmological scale with a given mass M (!). Some works about f(M) con-
cern more refined theoretical models to derive the analytical expression of
f(M) from general considerations (Lucchin, 1990a, 1990b; Colafrancesco,
Lucchin and Matarrese, 1988; Peacock, 1990 and references therein). In
other cases, some theoretical assumptions are tested by using numerical
simulations (Efstathiou, Frenk and White, 1988; Nolthenius and White,
1987). It is possible to show (Gott and Rees, 1975) that the mass func-
tion f(M) is linked to some cosmological parameters of great interest and
can give information independent of other fundamental functions like the
covariance function &(r).

Another topic, strictly related to f(M), is the formation and evolution
of systems of galaxies (Limber, 1959; Smith, 1982; Smith, 1984; Giuricin

et al. 1984; Saslaw, 1985; Evrard, 1987; Perea et al. 1990) which is of

fundamental importance for the dynamical estimate of the mass of galaxy
systems.

It is clear that f(M) plays an important role both in cosmological mod-
els and astrophysics of galactic systems.

An example of cosmic structures suitable for an observational estimate
of the mass distribution is given by groups of galaxies. This kind of struc-
ture is quite abundant in the universe and contributes to trace the large

!t is possible to define the mass function of a class of objects, by saying that the
number fraction of objects with mass M & dM is: dn = f(M)d(M/M,), where M, is a
scale factor. The mass distribution function or simply mass distribution A/(M) is defined
by the number fraction of objects with mass smaller than M: N (M) = A, fOM f(M)dM.
The mass distribution is generally normalized: A'(M) € (0,1), and A, is a normalization
factor. For observational reasons it is possible to obtain a statistically reliable estimate
of the mass distribution A'(A1) rather than of the mass function f(AM). Because of this,
N(M) is the main topic of the present work rather than f(M).
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scale structure quite reliably (Geller 1988). Groups of galaxies are well
observed and the uncertainty on the estimate of their main physical pa-
rameters is not too large and can be compensated by a sufficiently large
number of observations. The first attempt to estimate the mass distribu-
tion of groups of galaxies is due to Gott and Turner (1977, hereafter GT77)
and a lot of work on theoretical models for the mass function refers to the
results of GT77 as the observational bench-mark even today. The recent
accomplishment of galaxy surveys complete in magnitude and red-shift, and
giving a considerable amount of information, allows us to obtain new group
catalogues using procedures that fully exploit the information now avail-
able which was beyond the observational limits of GT77. The new wealth
of data allows me to confront the problem of the estimate of the observa-
tional mass distribution on a rather solid and wide data base. The present
work considers the groups of galaxies of five different catalogues: Geller and
Huchra (1983), Vennik (1984), Tully (1987b), Maia, da Costa and Latham
(1989), and Ramella, Geller and Huchra (1989). All these catalogues have
different basic features and have been obtained using different procedures,
assuming different search parameters. In order to evaluate and compare in
a suitable way the information contained in these catalogues I considered
some basic points: a) the main features of the underlying galaxy sample for
each group catalogue, namely the completeness, depth, extension in solid
angle, presence of corrections for absorption and/or systemic motions; b)
the algorithm adopted to compile the group catalogue and the basic pa-
rameters that characterize the resulting list of groups; c) the estimate of
basic physical properties of groups, in particular several estimators quoted
in the literature are considered for the mass, stressing the hypotheses that
support the derivation of the estimators, the effect of incompleteness and
observational biases.

The relevance of the group definition and of the consequent identifica-
tion algorithm was discussed also by Nolthenius and White (1987) on the
basis of numerical simulations and comparing the results with the C.f.A.
survey groups (Geller and Huchra 1983; Huchra and Geller 1982). Their
results are compared with what I obtained in the last chapter of the present
work.

The structure of the present thesis follows the points outlined above.
The first chapter describes in general and shortly the main features of the
galaxy samples, the group catalogues based on those samples and the identi-
fication algorithms used to produce them. A large part of the first chapter
is dedicated to the description of the estimate of physical parameters of
groups on the basis of the available data. In particular the derivation of
the mass estimator is discussed and the basic assumptions are stressed. The
second chapter lists the detailed features of the group catalogues used in
the present work. The third chapter reports the analysis of the data for
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each catalogue. The estimate of the mass distribution is then described.
Particular attention is paid to the dynamical state of groups and to the
importance of the observational bias for the main conclusions. Finally, the
mass distributions of different catalogues are compared in order to test the
homogeneity of catalogues. The probable future developments of the work
are also indicated.



Chapter 1

From observations to an
estimate of physical
parameters

Abstract

The main features of a catalogue of galaxy groups and of the underlying
sample of galaxies are described and analysed. Particular attention is paid
to the procedure adopted in order to obtain the group catalogue, and to
the estimation of basic physical parameters of groups as well as to the
hypotheses underlying their derivation.

1.1 Introduction

In this chapter I describe the information that can be obtained from the
groups of galaxies belonging to a catalogue and what are the main features
of the catalogue that influence such information. To this aim the main
point to be discussed concerns the characteristics (completeness, depth,
magnitude system, etc.) of the sample of galaxies, the identification algo-
rithm that produces the group catalogue, the effect of observational biases
and the hypotheses underlying the estimation of the physical parameters
of groups. In particular I focus on the dynamical state of groups, which is
of fundamental relevance for estimating their mass.

1.2 Samples of galaxies

From the point of view of the statistical analysis of group properties
there are some characteristics of the sample, which the group catalogue is
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derived from, that deserve careful attention. Some of the more important
characteristics are described below.

System of magnitudes In order to compute parameters such as the to-
tal luminosity for each group, information on the luminosity of each
group member is required. To compare parameters which have been
obtained from different samples of galaxies, it is necessary to check
if the magnitude systems used in both samples are the same. Usu-
ally the magnitudes of the galaxies are given in the B(0) system of
Zwicky as in Huchra and Geller (1982), Geller and Huchra (1983),
Ramella, Huchra and Geller (1989) (hereafter HG82, GH83, RGHS89
respectively), but other authors use the total blue magnitude system
Br, (in de Vaucouleurs et al. 1976; Vennik 1984; Tully 1987a). It is
possible to assume that B(0) and BY are related approximately by:

Br ~ B(0) — 0.26 (1.1)

(Felten 1985), and therefore the confusion between these two different
magnitude systems can introduce systematic errors.

Absorption There is more than one source of absorption and weakening
of galactic magnitudes: one is the absorption within the galaxy, indi-
cated by A5 that one would observe if the galaxy were seen face-on
(z = 0). Generally A%5® depends upon the inclination i of the galaxy
and for elliptical and S0 galaxies it is assumed to be zero. Another
source of absorption is due to our Galaxy, A%, mainly based on mea-
surements of galactic HI column densities along the line of sight,
which mainly depends on the galactic latitude b. The absorption
affects the magnitude in the following way:

By = By — A — 450 (1.2)

(Tully 1987a), so the correction for absorption can introduce system-
atic differences in the magnitude of galaxies belonging to different
samples.

Velocity correction Generally the velocity (in km/s) of each galaxy is
corrected for the infall motion towards the centre of the Virgo cluster
using the relation:

Veorr. = Vin[sin(§) sin(éy) + cos(8) cos(éy ) cos(a — ay)] (1.3)
where ay and §y are the coordinates of the centre of the Virgo cluster
(ay = 12"27".8 and 6y = 10°33') and Vi, is the infall velocity (as-
sumed to be V;, ~ 300K m/s) (HG82, GHS3, Tully 1987a, RGHS9).
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Coordinate range A sample of galaxies occupies a limited portion of the
whole sky solid angle (= 47) and a limited range of red-shifts (V).
This fact is due to observational problems. In any case a sample
gives an image of a particular region of physical space and in order
to compare the behaviour of galaxies in different samples, occupying
different regions of space, one should either suppose that the physical
conditions in the two regions are the same or restrict the comparison
to the region shared by both samples. In other words, if one detects a
significantly different behaviour for two samples of galaxies occupying
two different regions of the sky, one should not forget the possibility
that in different regions of space the evolutionary history of galaxies
and structures formed by galaxies might be influenced by different
present and initial environmental conditions®.

Completeness This is a ratheér important concept. In the literature we

can generally find magnitude complete samples of galaxies with a
completeness limit of, say, m. (apparent value). This means that
within the coordinate limits of the sample, all the galaxies appearing
with a magnitude m < m, are detected and listed in the sample (i.e.,
none is missing). This "fact” allows for certain considerations such
as the application of correction procedures and statistical techniques
that would otherwise be meaningless.
Other samples are complete in apparent diameter, containing all the
galaxies with a larger size than a fixed limit. Although a significant
correlation exists between the absolute luminosity and the absolute
diameter of galaxies (Giuricin et al., 1989; Girardi et al., 1990) the
completeness in apparent diameter is not easily converted to a mag-
nitude completeness for that sample. This is due to the spread in
distance of galaxies.

Further parameters In some cases it is possible to have additional infor-
mation about those galaxies for which we have particularly detailed
observations. One of the most useful parameters we would like to
know is the total mass of each galaxy. In the Nearby Galazy Catalog
due to Tully (1987a), the total mass of the galaxies is listed when
available, and it is estimated, on the basis of the Keplerian formula,
from the rotation velocity and the dimensions of the system. In other
cases, the mass of neutral hydrogen within the galaxy is given, com-
puted from the HI flux and its distance. The value of each galaxy
mass is particularly important for computing an estimate of the total
energy of the group.

LThis is mainly due to the fact that we presently do not know if our samples are fair
representations of the large scale universe (Geller 1988).
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The linear diameter (in Kpc) may also be listed and may be ob-
tained from the angular diameter of a given isophote, generally at
25 Bmag./arcsec?, and the distance of the galaxy. The size of the
galaxy is needed if we want to compare it with the size of the whole
group in order to obtain an indication of the collision frequency be-
tween group members.

In some cases it is possible to have the corrected color indices (B—V)I

and (U — B)T.

We should bear all these points in mind when we compare results ob-
tained from different samples of galaxies. Now we will see which parameters
characterize a catalogue of groups of galaxies.

1.3 Catalogues of groups of galaxies

In order to obtain a catalogue of groups, we must solve two problems.
First we need a definition for a group of galaxies and, second, we need an
algorithm that identifies all the sets of galaxies satisfying our definition of
group and that are present in our sample.

A first definition of a group of galaxies is due to de Vaucouleurs (1975),
which is a system of galaxies physically and dynamically associated. A
later definition (HG82) calls "group” a collection of galaxies whose number
density enhancement exceeds that of the background by a given factor. In
this way one can define a whole set of group catalogues, on the basis of the
same sample of galaxies, label each catalogue by a critical density contrast,
and then study the relation between the group properties and the catalogue
parameters.

The group identification algorithm (GIA) is a procedure that decides
whether a galaxy is member of a group or not. The correct definition of
a GIA is non trivial and the first approach to this problem dates back to
de Vaucouleurs (1975), Sandage and Tamman (1975) and Sandage (1975).
The first GIA were based on a subjective criterion. The author of the
group catalogue compiled the member list on the basis of similarity of red-
shifts, magnitudes, morphology and positions among the available galaxies
he had. Catalogues compiled in this way have been used as a reference for
all the later improvements of more automatic and objective algorithms. The
subsequent algorithms were in fairly good agreement with the first (more
subjective) ones and the improvements mainly concerned a more effective
control of the biases due both to the galaxy sample and to the algorithm
itself.

A first automatic algorithm called observer blind was introduced by
Turner and Gott (1976). It worked on a two-dimensional space and identi-
fied groups as density enhancements on the surface of the sky, since at that




From observations to an estimate of physical parameters 8

time no sample of galaxies was complete in red-shift space. The main draw-
back of this algorithm was its inability to take into account the distance of
the galaxies and groups.

The compilation of samples of galaxies with known red-shifts made
it possible to introduce algorithms working on a quasi-three-dimensional
space. I will illustrate the main features of two different algorithms of this
kind. Let us consider first of all which are the properties that a GIA should
have in order to produce a catalogue of groups suitable for a statistical
analysis:

1. It should depend on a small number of parameters, and the resulting
catalogue of groups should not be very sensitive to the exact value of
these parameters.

2. It should be objective in the sense that membership criteria based on
human judgement should be avoided.

3. It should be suitable to the analysis of selection effects.

4. It should produce a catalogue of groups independent of the order in
which it processes galaxies.

5. Finally, it should be easy to apply to a computer code.

We now briefly discuss two different GIAs satisfying the above require-
ments.

1.3.1 The friends-of-friends algorithm

A general method to find isodensity contours for the galaxy distribu-
tion (called friends of friends) is described and adopted by HG82, GHS83,
589 and RGHS89. It was run by these authors on magnitude limited sam-
ples of galaxies. The procedure is in principle very simple. It is essen-
tially a percolation-type algorithm?, but instead of having only one three-
dimensional linking cutoff, the nature of the quasi-three-dimensional space
of the observed galaxies suggested the introduction of two linking cutoffs
(Dr, and Vi) opportunely scaled with distance.

The algorithm begins with a galaxy not yet assigned to a group and
search around it for a companion, in the quasi-three-dimensional space

2Suppose you have a three-dimensional distribution of points, the percolation algorithm
isolates sets or clusters of points whose members have the nearest neighbour closer than
a cutoff distance called the percolation distance. A good description of percolation theory
is due to Stauffer (1985).
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(a,8,V), satisfying the relations:

7 vV
Dy = 2sin | —2 | - — < Dr(Vi, Va,mq,ms) (1.4)
2 Hy
where
V=(Vi+V)/2 (1.5)
and
%2 :l ‘/1 - % [S VL(‘G, V-Z)ml)mZ) (16)

where Vi and V; refer to the red-shifts of the galaxy and its companion,
my and m, are their apparent magnitudes and 8, is the angular separation
between the galaxies. In the case that no companion galaxy is found to
satisfy these relations, this is entered in the list of isolated galaxies, while
all the companions found are considered as members of the group. The
process then starts again with another galaxy until no further members are
found.

In this way the output of the GIA is obviously dependent on the choice
of Dy and V. The most naive possibility is to take both these quantities
constant. This allows us to take into account the fact that the projected
angular separation between galaxies changes with distance, but it ignores
all other selection effects. It is easy to understand that at large distances the
galaxies are undersampled because of the limit in magnitude: the fainter
galaxies are missed. In order to account for this effect, HG82 assumed
that the galaxy luminosity function #(L)® is independent of position and
distance* and that at large distances only the faintest galaxies are missed.
In this case they take:

M ) —-1/3
2 (MM
Dy =Dy |55 (M) (1.7)
SO p(M)dM
where v
Miim = me — 25 — 5log (-—F-) (1.8)
Hy
and
v
M]_z = M, — 25 — 5].0g (-) (19)
Hy

where m, indicates the completeness limit magnitude of the galaxy sample
and Dy is the projected separation in Mpc chosen at some fiducial red-
shift V. In this way the volume searched by the algorithm is weighted

3The number of galaxies with a luminosity between L and L + dL per unit volume
M -3
(Mpc™2).

“In a recent work Binggeli et al. (1988) show that there are good reasons to believe
the opposite.
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Figure 1.1: An example of friends-of-friends isodensity contours. The
dashed-dotted line traces the contour for a density enhancement factor of
2, while the dashed line corresponds to a factor of 20 and the solid line to
a factor of 100, (HG82).

by the number density of galaxies that could be observed in a magnitude
limited sample taken at the distance V/Hy. Then the isodensity contour

(see fig. 1.1) surrounding the group represents a fixed number density excess
relative to the mean density of the sample:

Spn 3 M -t
= oD V_ ) q‘)(M)dM} Y (1.10)

The limiting velocity is scaled in the same way as Dr:

i (0)IM | e

V=V, -
L [fi"ii:’" $(M)dM

(1.11)

Analysing this algorithm, HG82 concluded that it is commutative® and
produced a unique group catalogue for any choice of selection parameters
(Do and V;) and galaxy sample. They then considered a grid of values of
selection parameters and chose the value that led to the most stable group
catalogue.

In conclusion, we can say that the HG82 algorithm can be characterized
by essentially two parameters: dpn/pn and Vy. For example, the GH83

°If galaxy 1 finds as companion galaxy 2, then galaxy 2 finds galaxy 1.
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group catalogue is produced by the friends of friends GIA with dpn/pn =
20 and Vo = 600K m/s.

Although this kind of GIA satisfies all the requirements listed above,
it is still affected by some problems. The contamination by interlopers®
is not completely eliminated. The consequence of this fact is that the
estimate of dynamical quantities can be seriously biased towards higher
values. Mezzetti et al. (1985) and Giuricin et al. (1986) tried to evaluate
the fraction of interlopers in the GH83 group catalogue by assuming that
the galaxies were uniformly and non uniformly distributed in the sampled
universe. They found that the expected fraction of interlopers is a few per
cent on average. A general way to analyse this problem is to use a code of
numerical simulation of galaxy clustering and then to construct an artificial
group catalogue obtained with the same GIA used in the real data case. So
it is possible to study the properties of groups obtained with such a GIA
and all the biases relative to the observational procedures. This kind of
analysis was performed by Nolthenius and White (1987). They compared
the properties of the HG82 and GHS83 groups with those of an artificial
catalogue obtained by applying the same GIA on an N-body simulation of
galaxy clustering in a universe dominated by cold dark matter (Davis et
al. 1985). The conclusion they reached suggests (i) that the uncertainty
in galaxy positions and red-shifts causes a loss of information independent
of the GIA, (i) that the group properties can depend very strongly on the
selection criterion (GIA), and (i77) that the contamination by interlopers
may be severe in small groups. A different kind of simulation performed
by RGHS89 led to the conclusion that ~ 30% of the groups with less than 5
members were artifacts of the GIA. :

Another drawback of this GIA comes from its tendency to be insensitive
to extended low-density contrast groups and to the presence of substruc-
tures within single groups.

1.3.2 The Three-dimensional hierarchical clustering
membership criterion

Materne (1978) proposed a different kind of GIA: a technique called
three-dimensional hierarchical clustering. The method was introduced main-
ly to determine the cluster structure of nearby galaxies.

Let us indicate the units of our sample by u; and a group’ by {uj,
Uy oy Un ), With a total of m units (n < m), so that the method develops

SGalaxies that are considered as members of a group only because of an accidental
projection effect, without being actually bounded to the group.

"Materne in his paper used only the term cluster meaning a set of merged units, stress-
ing that his method made no difference between clusters and groups. Here I use the term
groups, since I am not working with any cluster.
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Figure 1.2: An example of a dendrogram for a hierarchical clustering iden-
tification algorithm. Left panel: a two dimensional distribution of points.
Right panel: how the single units merge to form the hierarchy according to

criterion E (Materne 1978).

the hierarchy proceeding through the following points:

1. We start with each separate unit forming a group so that the catalogue
G° is given by:
G° = ({ul}""){um})' (112)

2. At each intermediate step of the process, the couple of units or groups
that optimizes a given parameter (for example the mutual distance)
is merged and forms a separate group.

3. At the final step (after n — 1 mergers ) we will have all the units
merged to only one group, and the catalogue is:

G™ ™t = ({ur, w2,y Um})- (1.13)

In order to show how this works, we consider a simple example. Sup-
pose we have a two-dimensional sample of eight units (m = 8): uy,- -, us.
Fig. 1.2 shows the map of the units and, on the right side, the process of
merging with the resulting hierarchy. This kind of graph is called a den-
drogram. Suppose also that we have defined a function E of the available
coordinates of each pair of units. We call E the merging criterion in the
sense that the pair having the smallest E is merged to form a single group
and a horizontal bar, joining the centres of the two previously separate
units in the dendrogram, indicates the value of E at which the merging
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occurs. On the ordinate axis is the merging criterion function E. The first
units that merge into a group are {1} and {2}, next {3} and {4}, then the
two groups just formed {1,2} and {3,4}. Later the units {5}, {7} and {6}
merge to an independent group. It is possible to notice that in the hier-
archy driven by FE, the group {1,2,3,4} is more compact than the group
{5,7,6}, because it is formed at lower values of E. Finally at a high value
of E the two groups and the separate unit {8} merge. If our units repre-
sent galaxies in the sky, we can indicate the unit {8} as a field galaxy. The
limiting value Eo, where the merging process stops and below which one
accepts the groups as real, has to be found by an inspection of the whole
dendrogram. From fig. 1.2 it is clear that we can choose Ey quite freely in
the range 3.5 < Ey < 8. It is also clear that the value of Ey defines the
limits of what one calls a group of galaxies. As an example, we can say that
for the catalogue of Turner and Gott (1976) the merging criterion function
E is the surface density enhancement and E, = 10%/3.

It is not difficult to see that the choice of F is not unique. As an exam-
ple one can think that the units forming a real group are those found at the
least distance one from another, hence the merging criterion can be based
on the mutual distance between the centroids of the units or groups. But
this choice of £ implies the possibility that, as a consequence of a merging,
the minimum distance E between two groups decreases: it is said that a
reversal occurs. In this case the hierarchy has no meaningful interpreta-
tion. Another choice is based on the idea that the real group members
probably share a coherent motion and so the position and velocity disper-
sions within the groups is less than in the field. In this case E is taken
to be the velocity dispersion of all the units and groups in the sample. .
At each step the pair of units that shows the smallest increase in E is
merged. This process is called the Ward criterion. Materne (1978) applied
this criterion to test his method to a sample of galaxies in the Leo region,
obtaining quite good results: he detected five different clusters of galaxies
which seemed to be physical objects as a result of four independent tests.
Tully (1980) has claimed that the Ward criterion produces groups biased
towards small sizes. He considered a sample of 36 galaxies in the region
of NGC1023 (I = 144°, b = —20°), then applying the above procedure
he compared the hierarchies obtained from two different merging criteria.
The first method takes for E the centroid distance, weighting the positions
of the units with the luminosity. The resulting hierarchy was dependent
on the assumption that the luminosity equals the mass of the units and
on the coupling between the projected and line of sight distances. Tully
(1980) suggests that the centroid method is quite unphysical. The sec-
ond method he adopted considered the gravitational force between units
as a more physical parameter. In fact the method merges the pairs that
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minimize the quantity:

1 2

— x

th Lma:c
where Lq. is the larger luminosity of L; and L; and 7¢; is the separation
between the ¢* and the j** units or groups. This method is not without its
problems. Since at each merging the value of L4, increases, the possibility
of reversals increases and the contrast between the groups and the field
reduces because the separations are weighted with very small quantities.

(1.14)

Nonetheless the sequence of mergers has a more physical meaning. In order
to quantify the physical reality of groups, Tully took the inverse luminosity
density [;;:

1 §mry
= 2 1.15
ltj Loz ( )
If p. is the critical density for closure, then:
M
=1(F) - 1.16
p 7). (1.16)

So a group is bound if its M /L ratio is larger than the critical value.
Fig. 1.3 shows the dendrogram obtained with this method. Now choosing
the critical value for M/L and cutting the dendrogram horizontally it is
possible to see which groups are bound systems and which are not.

The problem of computing the three-dimensional distance between units
was discussed by Materne (1978). He concluded that the usual polar co-
ordinate system (a,§,v) did not work. A correct procedure is to treat the
values of a, &§ and v as independent numbers. But the values of the red-
shifts v must be scaled properly in order to be compared. A possibility is
to define a new coordinate = = xv and retain x as a free parameter. An
estimate of x may be obtained for well known clusters by comparing the
velocity-direction size with the size in the sky that the cluster would have
if it had a given velocity (e.g. 1000Km/s). However Tully (1980) used a
pure Hubble flow model to evaluate the line of sight separations between
units. Then, after having performed the clustering method, he analysed the
effect of departures from the Hubble flow. The conclusion was that for both
hierarchies he obtained that the effect of non-Hubble flows was negligible
although in the case of the force hierarchy they were stronger. Materne
(1979) proposed a method of assigning a probability density function for
group membership by assuming a model for the distribution of the veloci-
ties and positions. In this way the problem of the separations is treated in
a more general and quantitative way. Unfortunately it is dependent on the
assumed model for the positions and velocities of the galaxies.

Summarizing I can say that the advantage of this method is that it
offers the opportunity of recognizing the presence of substructures within
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the identified groups or clusters of galaxies, and of seeing which clusters
might form larger structures such as superclusters. Of course it is possible
to have many different types of merging criterion function E according to
the definition of the galaxy group we consider. The criterion adopted in
order to merge galaxies at each step is of fundamental importance and,
with a critical value defining the limit at which the merging process stops,
it completely characterizes the GIA. Before applying this GIA to a sample
of galaxies it is necessary to assume a calibration of the velocities so that
two different sorts of coordinates (i.e. position angles and red-shifts) can
be combined to give a three-dimensional distance.

I consider later two catalogues of groups obtained adopting this GIA:
one is due to Tully (1987b) and the other to Vennik (1984). Both cata-
logues are based on different galaxy samples and adopted different merging
criteria. Tully chose the luminosity density enhancement for £, while Ven-
nik chose the number density enhancement. I will describe both catalogues
in the next chapter.

1.4 The estimate of group parameters

We can consider the following quantities for each galaxy in a group cat-
alogue: position angles «; and §;, red-shift V;(Km/s), apparent magnitude
m; and its morphological type T; (RC2), where : = 1,...,n, and ng, is the
number of galaxies in the group.

1.4.1 The distance
We define the distance of a group by:

_ i Vi _< Vi >

D
g Tl.g_Ho Ho

(1.17)

It is assumed that the arithmetical mean of the projected velocities (cor-
rected for Virgo infall) is a good estimator of the distance: the effect of
peculiar motions is considered negligible®. The uncertainty of this quantity
comes from the measurement errors on the red-shifts and Hy®°, but also
from the fact that the total number of member of the group N, is generally

8Some authors (see for example Davis and Peebles 1983; Lynden-Bell et al. 1988)
claim that the Big Attractor has a non-negligible effect on the velocity field of the local
supercluster. Such large scale streaming motions can in principle be taken into account
only with models that are presently under debate.

9Throughout my work I assume Ho = 100 Km/(s Mpc). This holds every time the Hy
dependence is not specified.
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greater than n, because the fainter galaxies in a group can be missed if the
group is far enough away!°.

For groups of galaxies obtained from a magnitude complete galaxy sam-
ple, it is possible to introduce a further distance parameter: the visibility
distance Dg”). A group of galaxies contains, by definition, at least three
members, otherwise it is called a binary system. Suppose that a group
is observed at an average distance D, and has n, members each with a
luminosity L; (where 7 = 1,...,n,), and suppose also that we order the
luminosities in such a way that L;;; < L;. We can imagine moving the
group further and further far away by placing it at increasing values of D
(distance from us). In this way the number of observable members reduces
every time D reaches a value such that the luminosity corresponding to the
completeness-limit magnitude (i.e., m.) L. = L(D, m.) reaches the value of
the faintest group member min{L;}. This is due to the fact that the num-
ber of members observed in a group, called observed richness, depends
generally on its distance D and on m.!*:

ny = #.(L, > L(D,m.) = 3 6(L. — L(D,m.)).  (L.18)

=1

It is then clear why in general groups are incomplete:
ng < Ng. (1.19)

When D is so large that L. reaches L3, then if we move the group to slightly
larger D, it disappears from the group catalogue since it becomes a binary
system. So we can define the visibility distance of the group as:

ng(DY)) = 3. (1.20)

The value of Dg”) depends on the completeness limit m. and on Ls.

When the value of the morphological type 1" is available for each member
galaxy, it is possible to define the relative composition of the group
C(E,S0,S,IP) as the fraction of galaxies with T in the range of spirals

10Because of this fact I introduce two different kinds of indices: when summing the
observed quantities I use latin indices as ¢, j, k ranging from 1 to n,; when I sum in the
ideal situation in which all the N, members of the group are observed, I use greek indices
as ¢, k, A that range from 1 to N,.

1Here 6(z) is the step function defined by:

1 ifz>0
bz) = { 0 ifz<0
while the function #;[P(7)] for¢ = 1,..., N is defined as the number of times the statement

P(z) is true, consequently we have 0 < #;[P(i)] < N.
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S (1 < T <9), lenticulars S0 (—3 < T < 0), ellipticals E (T' < —4) or
peculiar and/or irregular I&P (T > 10):

nE Mso Ns nzp) (1.21)

C(S,50,E,IP) = (—-—-,-—— o LIP

7 ?
Mg Mg TNg Ty

1.4.2 The luminosity

The seen luminosity L,, accounts only for the galaxies we can observe
from Earth:

Ly =Y L (1.22)
=1
where!?:
Li = L(Dg)mB,l) = 1.556 . 1012 . D;dem(_o.éLmB,z). (1.23)

The range spanned by member luminosity is bound by Lpe. and Lpina:

Lmin = 'ITLZTL{L,,}, Lma:c = ma'w{Li}' (124)

It is possible to estimate the mass of each galaxy if we assume a suitable
value for ME possibly depending on the morphological type T'

M; = (-ME—)T L. (1.25)

For example we can attribute different amounts of dark matter by using
different relative values of %—(T) which depend on the morphological type
T of group members in this way : :

w=1 (M/LYE :50:8)=1:1:1
w=3 : (M/L)E:50:5)=3:3:1 (1.26)
w=>5 (M/L)E:50:85)=5:5:1 )
w =10 (M/LYE :50:85)=10:10:1
so that we can state:
w-L; #HT;<0
Mi(w):{ L. TS 0 (1.27)

It often happens that the luminosity of the galaxies is unknown and so
the same mass is attributed to all the galaxies by assuming:

M;=1 Vi=1,...,n,. (1.28)

2Here dez(z) = 10°.
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In the case that we are dealing with a magnitude complete sample of galax-
ies and m. is the limiting completeness magnitude of the sample, we can
estimate the total luminosity Ly, of the group by adopting the expression
for the galaxy luminosity (or absolute magnitude M) function, if it exists
for the considered sample; here we consider the Schechter (1976) form for
the galaxy luminosity function:

d()dl = ¢.17% exp(—1)dl (1.29)
with:
l=1L/L,. (1.30)

The parameters ¢,, o, and L, or M, depend on the sample of galaxies
(Binggeli et al. 1985 and references therein) even though they are often
considered as universal. Now introduce the function f(a;!) by:

S(1)dl = ¢, f(a;)dl. (1.31)

It is not possible to allow ! to vary from 0 to +oco and in fact this would
cause the estimate of the value of the total number Nr of galaxies present
within a given volume V to diverge: g

+c0
Ny = v/o $(1)dl — +oco. (1.32)

If we take a non-zero value for the lower limit for galaxy luminosity within
a group, Ly, =~ 0.0066 - L,%, then the value of the total luminosity due to
galaxies within a group is glven by: ‘

Ly, = /l L L)l (1.33)

min

but, in a similar way we can say that the seen fraction L,, of the total
luminosity is:

+o0
L., :/z,_ 1 L.g(l)dl (1.34)

where the lower integration limit is: [, = L./L,. Using the definition of
f(a;l), we can set:

Loy = .- L. /:w L+ f(a;1)dl, (1.35)

3The exact value assumed for Ly, /L, 1s not very relevant for the derived estimates of
group properties, in fact the values Lj;y, /Ly = 0.176 and 0.01 are also found in literature,
but in a previous work (Mezzetti et al. 1985) we have shown that the estimate of the
group parameters is not sensitive to this ratio. The quoted value of 0.0066 corresponds to
the minimum observed luminosity in the Geller and Huchra (1983) group.
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so that the value of the normalization parameter ¢, is:

— L“’g
L 1 f (el

R (1.36)
Finally we can express the estimate of the total group luminosity as a
function of the observed group luminosity:

S 1f (o 1)dl

lim

T (el

Similarly we can evaluate the total number of member galaxies. If the seen
members amount to n, then we can express this value as:

LTg - Lag (137)

+co
n, = b / Flas1)dl, (1.38)
le
so that the total number N, of members would be:

+oo St fle; )dl
Ny= . [ flesl)dl =m,- oy i
This point deserves a little care. In fact this sort of correction can introduce
some bias in the values of N, and Lr, since the total quantities depend on
distance. In fact we have that N, « ny and Ly o< L,,. At large distances
the Malmquist bias is likely to play a non negligible role in increasing the
average value of n, and L,q, since only the brightest galaxies are observable.
This is clearly what figs. 3.5 and 3.6 show for the GH83 catalogue of groups.
Hence this kind of correction is not unbiased when the distance from us is
so large that the Malmquist bias is effective. In the case of GHB83, this
distance is probably of the order of 20 Mpc.
As a first application of the quantities defined here, we can say that the
ratios A\, and v,, defined by:

(1.39)

L
A, = 2 1.40
g LTg ( )
and by:
Tg
vy = A (1.41)
g

can tell us the fraction of the whole group membership or total luminosity
that we can observe. This gives us an idea of the incompleteness effect in
number and luminosity. Once the parameters of the luminosity function
are specified, the value of ), and v, depends on the distance from us D,
as is shown in fig. 3.4. In order to obtain a reliable conclusion about the
estimated dynamical parameter, it is useful to drop the groups whose values
of A, and v, are too low, for example Ay < 0.75 as in Giuricin et al. (1988).
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1.4.3 The size of groups

There is more than one size estimator quoted in the literature. Some of
these are linked to the dynamical state of the groups, others are geometrical.
However some hypotheses are common to all size estimators.

If we suppose that it were possible to observe a group of galaxies from so
many directions that we could reconstruct the exact positions 7, of all the
galaxies and their velocities ,, at some instant, then it would not be difficult
to estimate the size of the whole system. Unfortunately the true physical
data are degraded by observational effects mainly due to projection, false
membership, non-equilibrium and incompleteness. The extent of this loss
of information is essentially unknown, but we can have an idea of it by
using numerical simulations (Nolthenius and White 1987).

As far as the projection effects are concerned, we can introduce a rough
correction only for the averaged values. These corrections are based on the
assumption that the distribution of the positions of the member galaxies
within a group is spherical, and so the inclination angles ¥ between the
three dimensional vectors connecting two galaxies 7;; and the line of sight
are randomly distributed among all the possible values. On the basis of
this assumption the observed position vector 7| ; and the three dimensional -
vector 7; satisfy the following relations:

2
<| i |>=<| 7 | sin(d;) >=< 7 > - <sin(Y;) >= - <7 |>. (1.42)

Unfortunately, groups of galaxies are not very rich systems-the number
of their members has a median value of 4 (GH82, Mezzetti et al. 1985),
whereas the above relation between the projected and three-dimensional
radii holds when the number of objects is large.

One of the first size estimators I consider is the mean pairwise sepa-
ration R,, defined by'*:

4 i) TLij
R, = ;Dg;;}m——-— i (1.43)

2

with the projected distance'® between the :*" and j** galaxies given, in units
of D,, by
Tlij = 2 tan(qﬁij). (144)

4Here I introduce a new symbol. If f(i,;) is a symmetric function of two indices
4J=1,...,N, then 3 ., f(3,5) = Zﬁ;l Z;-V:H_l f(z,7), so the sum symbol with two
indices in brackets indicates the sum over all non equal pairs.

15Tn order to avoid unphysical singularities, a minimum value for the separation between
pairs of member galaxies is assumed to be 0.05 M pc. The resulting values of the main
parameters of groups do not change significantly if we double this value.
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The angle ¢;; is defined by
cos(¢;;) = sin(é;)sin(§;) + cos(6;) cos(8;) cos(e; — ), (1.45)

and the factor 4/7 is due to projection effects in the hypotheses already
discussed about the distribution of member positions. The R, defined above
is generally believed to be a good estimator of the group radius. Another
estimator, linked to the potential energy of the whole group, is the virial
radius Ry, defined by setting the potential energy U:

M2
v-—cl - gy M (1.46)
RV (1) | Tk [
and taking projection effects into account trough the factor w/2:
2

S M;
szgi>gmij;%— (1.47)

E(‘L 7) Tiij

In case the masses are obtained by the luminosity of each galaxy as in
eq. 1.25, then we say to have the luminosity weighted virial radius
Ry(w) in the following way:

2
r (T8 Mi(w))
Ry(w) = 3D, T ) (1.48)
6 T

The values M;(w) are defined by egs. 1.27 and 1.26. In case the luminosities
are not available we have:

Ry, = =Dy (1.49)

TLij

We will call this estimator the unweighted virial radius. Some authors
(Heisler et al. 1985) justify the assumption of eq. 1.28 by the observation
that the mass and the luminosity of galaxies are poorly correlated and,
performing simulations of groups of galaxies with constant masses, they
found no significant difference in the behaviour of groups when they al-
lowed the galaxies to have different masses. I must stress that Heisler et
al. (1985) were only interested in the behaviour of the mass estimators
for groups of galaxies-nothing was reported about the behaviour of other
physical parameters. It would be very important to evaluate the error due
to the assumption, in most cases probably not correct, that all the galaxies
have the same mass. For example, if we suppose that on average different
morphological types of galaxies have different masses, then the presence
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of morphological segregation (Mezzetti et al. 1985) would imply a seg-
regation of mass and then a systematic difference in the mass weighted
and unweighted virial radius estimators. In some cases an estimate of the
mass’® of the single member galaxies is listed in catalogues (Tully 1987a).
In the case that a whole group has all its members with known masses, one
could see the effect of different weighting in the virial estimator of radius.
Unfortunately this test has a meaning only in the case that the number of
suitable groups is large enough.

Another estimator of group size was introduced by Jackson (1975): the
moment-of-inertia radius R;'7 defined by:

3y M2 \Y?
_ (3L Mt 1.50
= (2 ZiMi) ( )

where 7; indicates the projected distance of the i*" galaxy from the centre
of the system: r2, = z? + y?, and the factor 3/2 is due to the fact that, in
the case of a spherically symmetric distribution of positions, r?; = 2/3(r?)
on average. In this case we have the same weighting problem found for
the virial estimator and generally the luminosities are used instead of the
masses, with a constant M /L ratio and using eq. 1.25. The result is de-
pendent on the position of the centre of the group and if we miss some faint
galaxies the computed R; will be wrong by an unknown amount. Only in
the case that we know the masses of all the member galaxies and we take
as the origin of the r; the centre of mass of the group can we guess that the
galaxies we miss are so faint that their masses and positions will not too
greatly affect the assumed position of the centre of mass.

Finally I want to stress that no size estimator is corrected for the in-
completeness effect. Only the observed members are taken into account.

1.4.4 The velocity dispersion

As we have seen, it is possible to define a quantity (the virial radius
Ry) which is in some way related to the potential energy of the group. We
would like to have another quantity related to the total kinetic energy T' of
the group. If 7, is the velocity of the :** galaxy relative to the rest frame
of the group, we can define V? by:

1, 1k -
T=§MV =§ZML\UL| (1.51)
=1

16The mass reported by Tully was obtained on the basis of the Keplerian formula when
the rotation velocity and dimensions of the galaxy were available.

171t is possible to extend the definition of Ry for different values of the weight w as in
the case of the virial radius Ry (w), but R; is not used in this work so I prefer not to
increase the number of estimators without a real need of them.
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so that: ,
Vo > M
ZL ML
This quantity is the mass weighted velocity dispersion of the group,
in fact it is the mass-weighted mean square of the velocities of the group
galaxies relative to the centre of mass of the group. The main drawback of
this quantity is that we cannot directly measure it. In fact we only know
the radial components of the velocities V|;, while the three-dimensional
velocity dispersion V2 can only be estimated by assuming a model for the
velocity distribution of the galaxies. If this distribution is isotropic, then
the dispersion of each Cartesian component is the same and equal to V'2/3.

Generally the masses can be inferred by eq. 1.25. Again assuming eq. 1.28
to hold:

=< v? >M - (1.52)

(Vi = Vi)
ve — 3Ziz1 (Vi = Vi) = 3var(V]) (1.53)

obs
Tg
which is the estimated three-dimensional number-weighted velocity disper-
sion, which I will refer to as the observed velocity dispersion. In order
to be closer to the ideal quantity defined in eq. 1.52 it is worth defining a
luminosity-weighted observed velocity dispersion as in the case of
the virial radius:

) = 3 M) Vs — (5 M)V (2 Mafw))?

qu obs(w) =3 :
' i Mi(w)

In the case that all the member galaxies have the same mass, the unweighted
velocity dispersion Vnz’obs is defined similarly to ng,oba- Apart from the pro-
jection effect, we must correct the velocity dispersion for other biases and
effects. In fact, since the velocity dispersion is a quadratic function of the
velocities, a bias is introduced by observational errors. If we suppose that

the observed velocity V;, the true velocity W; and the error ¢; are related

by:

(1.54)

Vi=W; +e (1.55)
and assume that the variable ¢; is gaussian, then:
Ele) =0, E[&]=A? (1.56)

where E[x] is the expectation value function. In the case that the values of
¢; and W; are not correlated (i.e., E[W;¢;] = 0), we can write:

E[V? = E[W?] + A? (1.57)

1

so the observed velocity dispersion turns out to be systematically larger
than the unbiased estimate (see Giuricin et al. 1982 for a complete discus-
sion). The amount of the correction for observational errors is:

L ME(w)é?

2 Mi(w) (1.58)

AVZ(w) =3 ZMi(w)ﬁiz -
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and so the corrected mass-weighted velocity dispersion is:

V;Z(w) = V;:oba — AV (w). (1.59)
Similarly, for equal mass members, we can obtain:
V=V, — AV (1.60)

In the case that the observational errors are so large that the values of V;?
and V? are negative, the group is rejected. Another point we must consider,
although it is relevant only for quite distant (D, > 30Mpc) groups, is the
relation linking the velocity v; of the it* galaxy relative to the rest frame of
the group and the velocity V; of the same galaxy relative to us (Danese et

al. 1979):
Vi— <V >

L‘L V
<V >
l + =7

where ¢ is the speed of light and < V >= ¥ ; V;/n,.
Finally one should not neglect the fact that generally some of the group
members are not observed because of their low apparent magnitude, so

(1.61)

that the number of observed members is always less than or equal to the
true number (eq. 1.19). We have already discussed a possible method to
estimate IV, in this way it is possible to introduce a correction to account
- for the incompleteness of the sampling: (N, — 1)ng/[(ngy — 1)N,| (Kendall
and Stewart 1977, vol. 1, p. 319).

The expression of the estimator of the velocity dispersion, corrected for -
‘the effects of projection, incompleteness, observational errors and group .
global motion is:

N 3 1 [ |
2:321.:1sz g g el Vz_<V>2ﬂv2
Tv N, N, ng—1(1+ <V > /c)?n, E( ) o
(1.62)
with:
—1 2
TLg =1

This is the corrected velocity dispersion in the case that the mass M;
and the velocity v; of the group galaxies are not correlated, so that we can
say' that the group is in velocity equipartition.

Usually, one can justify the assumption of velocity equipartition by
claiming that the groups are dynamically young systems in the sense that
two-body relaxation has not had time to thermalize the energy spectrum,
so that there is not yet a correlation between the velocity and the mass
of group members. This problem has also been studied in previous work
(Giuricin et al. 1982 and references therein), which has confirmed the reli-
ability of these hypotheses on the basis of the available samples.
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It would be simple to solve this problem if we knew the total velocity
and the mass of each galaxy within a group. Apart from the unknown
amount of peculiar velocity of the whole group discussed in a previous
point, the knowledge of member velocity is affected by observational errors
and projection effects. As a consequence, we can evaluate the total veloc-
ity (tangential + radial) only on the basis of some model of the member
velocity distribution within groups. The simplest assumption is to adopt
a Gaussian isotropic distribution, but in this case we would admit that
the process of violent relaxation (Lynden-Bell 1967) has strongly modified
the original phase space distribution leading the system to an equilibrium
configuration that can be described by a superposition of many Gaussian
distributions. Moreover two-body interactions cause the mass and velocity
of members to be (anti-) correlated. This would mean that our estimator
of the characteristic velocity within a group is wrong.

We can test our assumptions about the dynamical condition of groups of
galaxies only by numerical simulations; an approach surely not without its
own problems (Smith, 1977). The best simulation should be able to describe
at least the local supercluster evolving from different initial conditions and
for different models of the universe (2 = 1,02 = 0.1, cold, hot or warm
dark matter) in such a way that a point-like object in the simulation is
representative of a galaxy with a given mass. In this way we would be able
to study the complete evolutionary history of groups also in relation with
their environment. Unfortunately modern techniques are not yet able to
reach such a resolution. In fact the numerical simulations now available
either represent the evolution of an isolated group of galaxies for small
length scales or, for large length scales, they simulate the universe on a
scale so large that details of galaxy groups are not attainable.

From the observational point of view, we cannot verify the lack of cor-
relation between the galaxy velocity and mass within a group since we do
not know the values of masses and total three-dimensional velocities of
each group member. Assuming a total velocity on the basis of a model
distribution will bring us back to the problem of the dynamical state of
groups.

1.4.5 The time scale

The introduction of a time scale for a group of galaxies is required in
order to check one of the basic assumptions of the usual analysis of group
properties. In fact one has to assume that the group is a bound system
of galaxies and, to test this hypothesis, it is possible to compare the time
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scale of internal dynamical evolution with the age of the universe'®. Let
me introduce some definitions. As an estimate of group time scale one
generally adopts the ratio between the size of the group and a characteristic
velocity of the galaxies in the group. This ratio is called crossing time.
Remembering eqs. 1.47 and 1.52, we can define the (unweighted) virial

crossing time 7y as:
3 3/2 Y
Ty = (—) Ry (1.64)
5 Oy

where the factor (3/5)%2 is due to the first definition of this quantity (Gott
and Turner 1977). Of course the virial crossing time is affected by all the
problems discussed for Ry and V.

An alternative to 7y is given by the linear crossing time 77, defined
as the ratio between the mean pairwise separation and the mean pairwise
difference of velocities between group galaxies:

2 R
T = ——=——"2—0. 1.65
L ™ Z(i.j)lvlli_vllj‘ ( )
ng(ng—1)/2

Here it is implicitly assumed that the mean pairwise difference between
galaxy velocities is a good estimator of what we call the characteristic
velocity of group galaxies. In fact it seems that this estimator of the crossing
“time is less affected by interlopers than the virial one (Faber and Gallagher
1979, Rood and Dickel 1978). A second advantage of 77 is due to its
geometrical nature!® in the sense that it is not dependent on the dynamics -
of the group.
In order to overcome biases connected with the virial estimator, Jackson
(1975) introduced the moment-of-inertia crossing time 7;:

R
TIE-I;’—,

(1.66)
(see eq. 1.50) which is more suitable for the analysis of groups in relation
to the Hubble flow in order to have some indication of whether they are
bound or not.

1.4.6 The mass

This is the most important parameter for this work and I analyse it in
niore details than the other parameters. The principal aim of my discussion
is to clarify the relation existing between our estimate of the mass and

181t is more correct to use the time elapsed since the formation of the galaxies which
now appear within the group instead of the age of the universe.
19If we accept the hypothesis of spherical symmetry of groups.
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the true physical mass of the group. Two factors play a relevant role in
this analysis: the observations of the group members and the simplifying
assumptions we have to accept in order to apply the estimators proposed
by the theory. From this point of view I think it is convenient to distinguish
two main families of mass estimators: the virial estimators?® based on the
application of the virial theorem, and the non-virial family containing every
other kind of mass estimator. I discuss the two families separately and then
compare them on the basis of the observed data.

1.4.7 The virial estimators

First of all, let me give a short derivation of the (scalar) virial theorem.
Suppose we have a system of N particles with masses M,, ¢+ = 1,..., N,
positions 7, and velocities ¥,, evolving with a given potential energy U
which is a homogeneous function of the coordinates 7, = (@.,y.,2) and
that the motion is bound in a limited region of space. In this case it exists
a very simple relation between the time-averaged values of the kinetic and
potential energy of the system. This relation is called the (scalar) virial
theorem. Note that kinetic energy T is a quadratic function of the velocities:

or . .
2T = | a5 (1.67)

with:
_(2_ o 0 0

57 = Vi = (5;:7%;7 5;:)-

Introducing the impulses p, = V3T, we have:

d .
We define the time. averaged value of a function f(¢) by:

< f>= lim —1—/:- f(t)dt. (1.70)

T—+oc0 T

It is easy to see that in the case that the function f(t) has a primitive

function F(t) (i.e., f(t) = il%ﬁ) then:

< f>= lim F(r) - F(0)

T— 40 T

, (1.71)

20T)e use of the plural is caused by the fact that depending on the weight adopted
(i.e., number, luminosity or mass) the mass estimated by the virial theorem may assume
different values. So it is better to distinguish the estimators which use different kinds of
weights.
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and if F(t) is a bounded function then < f >;= 0. The above equation
holds in particular if the function F'(¢) is periodic with period 7, so that
F(r) = F(0).

Applying these observations to our case, we can say that if our system
is bound in a limited region of space, then the function I = Y, p, - 7, is
bounded and we can write:

d .
S RAEERES St (172)
Taking the time average of both sides:

d .
<E(Zﬁ}ﬁ)»:2<T>y+<Zﬁbg>t (1.73)

L

but, because I = ¥, p;7; is bounded, we have
<I>=0. (1.74)

Introducing the equations of motion:

. ou
P = *51-’:7 (175)
we finally have:
L ou
2<T>t—<ZrL~57;,—>t=0. (1.76)

This is the most general expression of the virial theorem. Now we introduce
the assumption that U is a homogeneous function of the coordinates of
degree k, obtaining:

2<T > —k<U>=0. (1.77)
In the case of gravitational potential energy: k = —1, so:
2<T >+ <U>=0 (1.78)

and the total energy E is:
E=<T>+<U>=-<T>;. (1.79)

Equation 1.78 is the expression we will use and is the virial theorem for
gravitational systems.

Returning to the astrophysical problem, all we have are instantaneous
values of the angular positions and radial velocities from us of some of the
member galaxies. It is clear that, without any further assumption, the
virial theorem is useless. In fact, we cannot compute any time-averaged
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quantities appearing in eq. 1.78 since, in order to do that, we should in-
tegrate T(t) and U(t) throughout all the past history of the group, which
we do not know. We have already discussed how to correct for projec-
tion and incompleteness-what we need now is an assumption about the
dynamical state of the system. The most straightforward assumption is to
take groups as stationary systems, but it is not obvious that even in the
stationary regime we can substitute the instantaneous values of, say, T'in
place of < T >,. It is more correct to proceed as follows. Let us think
of the system as a continuous distribution of matter described by a phase-
space density f(7,v,t) generally dependent on time. After a rather violent
initial evolution (Lynden-Bell, 1967; Shu, 1978), we can assume that the
system reaches, after a sufficiently long time, an equilibrium configuration
(Gott and Rees, 1975) in which the phase-space density fo is no longer time
dependent:

F(7,0,8) ~ fo(7,7) (1.80)
and in this sense we assume the hypothesis of the steady state of the group.

Considering eq. 1.72 and using the fact that U is a homogeneous function
of the positions of degree —1, we can write:

%(ij-a) 2T+ U (1.81)

which holds at any time ¢. Now, observing that the moment of inertia 7
satisfies the following relation:

d - - 1 d?
since
I=)Y M7, (1.83)
we can state: ,
L oy (1.84)
2427 '

at every stage of the dynamical evolution of the system. Assuming a steady
state for the group (eq. 1.80) we are allowed to write:

T = const(t) = 2T+ U =0. (1.85)

Finally, inserting the observed values of velocities, masses and positions in
the last equation, it is possible to estimate the mass of the system. In other
words it is possible to rewrite eq. 1.77 (see egs. 1.46 and 1.52) as:

ZMLU? -G Z MLMN =

(L,R) TLK»

0 (1.86)
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hence the virial mass My should satisfy:

MyV? — G%%%’ =0, (1.87)
which implies
My = VZC?V, (1.88)
or, more explicitly:

This is the ideal expression of the virial mass. We would be able to
measure this quantity if we knew, for every member of the group, the value
of the mass M,, velocity v, and three-dimensional position 7,.

Let me summarize the hypotheses supporting the expression in eq. 1.89
for the virial mass estimator:

1. the system is a bound and isolated collection of point-like masses,

2. the system is in a steady state, in the sense that it is described by
an average phase-space density fo(7,¥) which is independent of time
(eq. 1.80), or, similarly, it is possible to assume that < X >,~ X,
for every observable quantity X of interest. o

I would like to examine these assumptions in detail and the methods
that are available to check them. In the first point the term isolated means.
that the system is not affected by other objects. A careful examination of.
the environmental effect can probably be studied by numerical simulations.
Giuricin et al. (1988) proposed a simple criterion to determine if the pres-
ence of external forces affects the internal evolution of the system. For each
pair of groups they introduced a parameter I' defined as:

D:: 2
= | — 1.90
[Rp,i + RP:J':I ( )

where D;; is the distance between the two groups and R,; and R, ; are
the mean pairwise separations of the groups. In the case that both groups
have the same mass, I" indicates the ratio between the internal and exter-
nal forces, if in the region of space examined only the groups are present.
Giuricin et al. (1988) chose to exclude the pairs of groups having I' < 1.
Let me now turn to discuss the hypothesis that the groups are bound
systems. A classical criterion to check this assumption is based on the

concept of crossing time 7, i.e., the time required for a member galaxy to
cross the whole group. If 7 is shorter than the Hubble time H; ', then the
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group must be bound, otherwise it can be that the group is unbound or
bound but not yet relaxed.

In principle the most straightforward way of checking this point is to
examine the density excess §p/p of the group with respect to the mean
density of the Universe. As Gott and Rees (1975) have shown, for a bound
spherical system at maximum expansion, we have:

op 'l

—_—= e 1.9

where 1, is the present age of the universe. So for # = 0.1, 0.15, 1.0 we
have 6p/p = 30, 22, 4.6 respectively. On the other hand, for an unbound
system, we have a maximum value of §p/p as:

o_ 4,
P N gﬂ(Hoto)z

Putting Q = 0.02, 0.1, 0.2 we obtain §p/p = 23, 4.5, 2.1 respectively. For
this criterion to be helpful, it is necessary that the mass is distributed as
light, but, since we do not know anything about the distribution of dark
matter, our estimate of §p/p can be as much as an order of magnitude higher
than the true value. So we can draw no conclusion from this argument.

The simplest alternative to the previous method is to compare the es-
timate of the crossing time with the Hubble time, and in the case that
T Hy < 1 to deduce that the group is probably bound. It has been shown
by Jackson (1975) that the virial crossing time (eq. 1.64) is not a good
indicator to test whether a group is bound or expanding following the Hub-
ble flow. He introduced the definition of a new crossing time defined by
eq. 1.66. If the group is expanding with the Hubble flow, then:

(1.92)

'U”i = HQZi. (1.93)

If (zi,9:, z;) is the position of the i** galaxy in the coordinate system at rest
with the group and centred at the centroid of the group, and the 2 axis lies
along the line of sight, we have:

1

Vi=13
M

2

HP S Moz~ 50 5 Mu(a? +9 + ) = HRRS,  (194)
where R; is the moment-of-inertia radius (see eq. 1.50). The approximation
used here is valid in the limit of a large number of randomly positioned
galaxies, which is unfortunately not the case for groups. However we can
claim that V ~ HoR;. Finally Jackson proposed comparing the crossing
time he defined with the Hubble time, so that bound groups should satisfy
the relation:

TrHy < 1. (1.95)
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Sargent and Turner (1977) proposed another statistical method to check
whether a group is expanding or not. Using the positions and red-shifts
they introduced a parameter < ¥ > which is the mean value of the angle
between the pair separation vector in the red-shift space and the plane of the
sky. They showed that if a system is spherical and follows the unperturbed
Hubble flow, then < ¥ >= 32.7°. But if the self-gravity of the system is
effective in slowing down the expansion rate (even for unbound systems)
then < ¥ > < 32.7°. It is useful to note that during the collapse phase
of a bound group < ¥4 > > 32.7°. Sargent and Turner (1977) also gave
a recipe (equation 4 of their paper) to obtain < ¥ > from H,/H,, where
H, is the group’s internal Hubble constant. The observation of a value of
< ¥ > < 32.7° for a group would only mean that the group is not at an
advanced state of collapse, but not that it is necessarily unbound.

Giuricin et al. (1988) introduced a generalization of the previous method
based on the ratio:

H[)O'd
Oy

where o, and o4 are the standard deviations of the radial velocities (v/ \/Z’;)
and of the distance from us. For a spherical density enhancement the

F =

(1.96)

Hubble flow is slowed down by a factor H,/H, = 1/F. If the system is ’

unbound, then F lies in the range:

Hgt
1§F§3;° (1.97)
while for a bound system in expansion:
. ,
3mO§F§+w. (1.98)"

After the maximum expansion, for a homogeneous spherical system,

(see eq. 1.119 for the definition of 3). The problem with this method is
given by the fact that to evaluate o4 it is necessary to have true galaxy
distances, derived independently from red-shifts. The Tully-Fisher and
Faber-Jackson relations may be helpful, but the data in the literature are
affected by prohibitively large errors. Alternatively one can assume that the
groups are spherical systems and then it is possible to evaluate o4 directly
from the distribution of the member galaxies of each group on the celestial
sphere. In this case o ~ RI/\/g, and F' ~ Ho7;. But for a spherical system
F = HoT; = HoT. Thus, in principle, it is possible to check the consistency
among F, o4, and < ¥ > (linked to F').

Another quite delicate point concerns the assumption that the groups
are made only of galaxies. Omne may ask how the picture changes if we

{
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Figure 1.4: The radius versus time relation for spherical inhomogeneities

of given mass for different values of the initial density enhancement ép/p
(Gott and Rees 1975).

allow a massive and diffuse background to be present within the groups.
There are several methods proposed (Saslaw 1985, p. 311 and 374-377)
to determine the mass of a system with a diffuse background in addition
to point masses. In general all these methods assume a model for the
group and by maximum likelihood techniques it is possible to estimate the
properties of the group related to the adopted model. Unfortunately this
technique is rather model-dependent and works quite well when one knows
in advance what one is looking for. In any case this point is very interesting
and deserves further attention.

Let me now discuss the assumptions about the dynamical state of groups.
In order to be general and to consider the possibility that some groups may
still be far away from the equilibrium phase, it is necessary to adopt a
model for the formation and evolution of these systems. If we accept the
gravitational instability picture described by Gunn and Gott (1972), then
the time evolution of the size of the system is shown in fig. 1.4 from Gott
and Rees (1975). The early evolution of the physical system was studied
extensively by Lynden-Bell (1967), Shu (1978) and Merritt (1983). Giuricin
et al. (1988) have recently proposed a simple and general method to correct
the usual estimate of the virial mass (eq. 1.89) in order to take into account
the actual dynamical state of the group. The method proceeds as follows.
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In the evolutionary model of Gunn and Gott (1972), they consider a bound
system of galaxies evolving with time t. If the processes relevant in the
evolution are non-dissipative and the total energy £ is conserved, then at
any time:

E=T+U <0. (1.100)

Since eqs. 1.77 and 1.80 do not hold necessarily, we define a parameter o
giving the instantaneous ratio between the kinetic and potential energies
in absolute value:

T()
| U(®) |

which is in general a function of time. Since

(1.101)

«

E=TE) +U) =alt) | U®) | +UE) =| U®) | (a(t) —=1) <0 (1.102)

we have
a(t) € (0,1). (1.103)
If we now insert eqgs. 1.46 and 1.52 we have:
! M2,
My V3(t) = aG—=—2%, 1.104
MUV () = 0GTEe (1104

where the time dependence of the quantities is stressed. The evolutibnary-
corrected virial mass is given by:

V2(t)Ry ()

Mralt) = =5 06

(1.105)

At a sufficiently late epoch #y the system reaches virial relaxation and
T(to)/ | U(to |=1/2, (1.106)
so that
Myaya(to) = My, (1.107)

the steady state quantity defined in eq. 1.89. The correction factor u ac-
counting for the possibly non-virialized dynamical state can be defined by:
My o 1

= My = e (1.108)

It is possible to express the time dependence of V2(t) and of Ry(t) in
terms of «(t) by using the conservation of energy. If we suppose to know
that, at some instant taken as the beginning of the system’s evolution ¢,
a(ty) = a, and Ry(t,) = R, then:

T(tm) + Ultm) = T(t) + U(t) (1.109)
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so that
(m = 1) | U(tn) |=(a=1)|U|. (1.110)
Supposing that the mass M is conserved:
M2 ) M?
_ A - G 1.111
(am 1)G Rm 2MV G R ) ( )
and therefore: 2 G M R
Vie"FT—|1-(1- am)—ﬁ—— : (1.112)
From eq. 1.105 we can write:
R
a=1-(1-amn)5, (1.113)
R
or: . )
—a
t) = Rpy——m—. 1.114
R() = Ry (1114)
At the time when equilibrium is reached:
R
= = 1.11
R(to) = Ry o)’ (1.115)

and by using eq. 1.114 it is possible to obtain V?*(t) from eq. 1.112. Similarly
it is possible to express the instantaneous value of the virial crossing time
(eq. 1.64) as a function of a:

— o)3/2
T - TV2(1 a)

PRV

(1.116)

where Ty is the virial crossing time computed in equilibrium conditions.
Another convenient time scale was introduced by Cavaliere et al. (1977,
1986): the collapse time defined by:

3/2 5/2
3 ) GM (1.117)

Teott = 27 (Tﬁ —1—5‘7/2‘,

At virial equilibrium we have: T,y = 277y. Using numerical simulations,
Peebles (1970) has shown that a system reaches virialization at a time iy
approximately equal to (3/2)Zcou = 377y, hence for a given evolutionary
model the dynamical state of the system « is a function of the time At
elapsed since the beginning of the expansion and Zcoy or Ty. Fig. 1.5 shows
the smoothed version of the results of numerical simulations of systems
composed of 15 point-like masses with a Schechter-type mass function and
o = 0 (Giuricin et al. 1984). The plotted curve is the function «(7)

where: Ab 1 ;
;-
= - 1.118
T=E =T ( )




From observations to an estimate of physical parameters 37

a
08 -
06 -
04 +
02
0'0 L i I |
1.0 16 2.2 28 3.4 40
T/t

Figure 1.5: The smoothed evolution curve a(r) (Giuricin et al. 1984)

is called the dynamical state and counts the time from the beginning of the
growing fluctuations in units of 7y, and t = 0 indicates the present epoch.
A bound system, whose size is proportional to (1 — a), typically expands
approximately with the Hubble flow for 7 < =, collapses for 7 < 7 < 2,
re-expands for 2r < 7 < 37 and eventually reaches the virial equilibrium
for 7 > 3.

Following this method, the present (¢ = 0) value of 7 can be expressed as
a function of the observed virial crossing time 7y by inverting the eq. 1.116.
Since in some models it is possible to have singularities due to «a,, = 0 it is
better to use 3(7) defined by:

tf —t 1/2

T o«
Blr) = T. 25(1_(1)3/2'

(1.119)

Fig. 1.6 shows the curve 3(r) for the adopted evolutionary model. To
obtain (¢t = 0) = t;/7., it is necessary to assume a value for t;. In the
standard Fridman Cosmology the fractional change in t; is less than 1073
when the corresponding zy changes from +o0o to ~ 100, hence a large error
is not incurred by assuming t; =~ {o, the present age of the universe?!.
In the case that a three-fold solution is obtained for 7, each value of 7 is
weighted by 1/3 in order to avoid the increase in the observed points due to
multiple solutions. Examining figs. 1.5 and 1.6 it is possible to notice that
groups with §(t = 0) < 8 (corresponding to the second local minimum)

2n fact for Q = 1, Hoty ~2/3, and for Q = 0.1, Hyty ~ 0.898.
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Figure 1.6: The time evolution curve for B(r) for the model described
(Giuricin et al. 1988).

are likely to still be on the collapsing phase, whereas for the groups with
8 < B(t = 0) < 17 there are three possible dynamical phases: the collapse,
reexpansion and relaxation phases. Once we have 7, it is easy to compute
o« and then correct the virial mass. It is worth stressing that the adopted
smoothed curve has a wide error band and this kind of correction has only
a statistical meaning. More reliable results are subject to the availability of
better simulations. In any case Giuricin et al. (1988) applied this method
to a subsample of GH groups belonging to the Local Supercluster and
found that ~ 75% of them are likely to be in the collapsing phase, not yet
virialized. They have also shown that the median corrected values of the
mass and mass to light ratio (for various choices of ) were larger by a
factor of two than the uncorrected virial estimates. I will show later the
results obtained using this method and its effect on the mass distributions
of groups.

At the end of this section I will give explicitly the expression for the virial
mass estimator used in this work. Whenever possible the largest number
of different estimators has been computed in order to test the dependence
of the results on the weighting procedures.

Since in no case was complete information available about the masses of
each single member galaxy, it was impossible to use the expression for the
virial mass closest to the ideal definition given in eq. 1.89. In the case that
the values of the luminosities L; of all the member galaxies were available,
the virial mass (in solar units) was estimated by:

Mair(w) = 2.325 - 10%02 Ry (w). (1.120)

This is the luminosity-weighted virial mass estimator. Since there
is evidence (see chapter 3) that groups are rather unevolved systems, the
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equipartition of velocity seems a suitable assumption for the evaluation of
the velocity dispersion of these galaxy systems. The factor is due to the
units used, o2 is the corrected velocity dispersion (in Km?/s?) defined in
eq. 1.62 and Ry(w) is the virial radius (in Mpc) defined in eq. 1.48. In the
case that the weight w is not specified, the value w = 1 is assumed.

An estimate of the uncertainty due to projection effects, incomplete-
ness and a non-stationary dynamical condition is discussed by Giuricin et
al. (1984) as a result of numerical simulations?2. They claim that the con-
tribution due to observational errors in the red-shifts and magnitudes is
negligible with respect to the contribution of ¢ to the total uncertainty of
the mass estimate, hence &(ng, Ny) will be considered a good estimation of
the uncertainty of log(M).

Recall that all the quantities I discuss in this work are estimated by
assuming Ho = 100Km/(sMpc). All the masses of the individual galaxies
have been estimated by eq. 1.25 always adopting the same value of M /L.

In the case that the L; were unknown, the unweighted virial mass
estimator was used:

My, = 2.325-10%2Ry,, (1.121)

where Ry, is the unweighted virial radius defined in eq. 1.49 and o7 is the

same as in eq. 1.120. :
Heisler, Tremaine and Bahcall (1985, hereafter HTB) introduced a slight-
ly different expression for the virial estimator of group mass. They defined:

3mng (V= < V) >)°
Myr = .
2G Zql/ris
I call this quantity the HTB virial mass estimator to distinguish it from

the others. I also considered this expression for the sake of completeness
and to compare the results obtained with the previous two expressions.

(1.122)

1.4.8 The non-virial estimators

Following a different argument with respect to the previous section, Bah-
call and Tremaine (1981, hereafter BT) and later HTB introduced an al-
ternative mass estimator in order to avoid the drawbacks of the virial one.
In fact BT studied the behaviour of the virial estimator for a system of V
test (massless) particles orbiting around a central point-like ob ject with a
given mass M. They found that for this kind of system, the virial mass
estimator?® was: 1) biased, in the sense that the average value of < My >

21t is possible to express the standard deviation of the decimal logarithm of the virial
mass estimator e(ny, N,) as a function of the observed ny and true N, values of group
members by a relation derived by Giuricin et al. (1984).

*3The definition of the virial mass used by BT is slightly different from that used by
HTB (eq. 1.122).
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(virial mass of the central body) was not necessarily equal to the true mass
M; ii) inefficient, in the sense that the variance of Myr is large; i11) in-
consistent, that is: My does not converge to M in the limit of N — +oc0.
HTB examined systems of objects all having the same or comparable mass
and found that all the estimators they used performed equally well.

Let us consider a continuous system evolving under the action of gravi-
tational forces and described in the phase-space by the function f(7,v,1). If
the system is collisionless, then the collisionless Boltzmann equation holds:

%{ 4T Vef+7-Vsf =0, (1.123)
the volume mass density is:
— / £(7,7,t)dv (1.124)
while the total mass is:
M= [ §(7,5,t)drds. (1.125)

If we take first moments of eq. 1.123 with respect to velocity and consider
a stationary system with spherical symmetry, we obtain:

d au  2p
L ooty = % — (o7~ o) (1.126)

where U is the potential energy, o2 and ¢ are the radial and tangential
one-dimensional velocity dispersions. If the system has only radial orbits:

ol =0 (1.127)
then, multiplying by 7* and integrating eq. 1.126 over volume we have:

2/r3pcrfdr = /7' p%gdr (1.128)

but, since 02 = o2 cos?(#) and r, = rsin(f) where 8 is the angle between v
and the line of sight, because of the spherical symmetry we can write:

2
<virg >= /pazr sin?(8) cos®(8)dodr = jj-\—/!— palridr.  (1.129)
Inserting the relations:
dU  GM(r)
— = 1.130
dr r? ( )
and IM 1
p= (1.131)

dr 4mr?
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we obtain o
<ol >=ToM. (1.132)
So the mass of the system satisfies the relation:
64
M——;C—;<‘U T, > (1133)
for radial orbits. Similarly it is possible to show that:
32
M——;@<'v Ty > (1134)

for isotropic orbits. In general the quantity Mp defined by:

Mp = —Jfo- <vir; > (1.135)

is called the ideal projected mass and the parameter fp depends on the
distribution of the orbits. In the case of a discrete system Mp beconies:

_f_f_’ ZL 'U:LT'_]_,,_

Mr =7 N,

(1.136)
on the assumption that there is no correlation between the mass and the
luminosity of the galaxies (Yahil 1977; Rubin et al. 1982) so that all the
galaxy masses can be taken to be equal to a given value: in this way the
average in eq. 1.135 becomes a number average as in eq. 1.136.

HTB tested the projected mass estimator by numerical simulations in
order to choose the best value for the orbit parameter fp. They recom-
mended that, in the case that no information about the orbit distribution
is available, the assumption of isotropic orbits fp = 32/7 is the best choice.
Another important point is the fact that in eq. 1.136 the positions and
velocities are referred to the rest frame of the group and the centre of this
system is placed at the centre of mass of the group. Unfortunately, since
we do not generally observe all the members of the group, our estimation
of the position of its centre is not necessarily correct. In fact if we call
E; = (X;,Y:, Z;) the observed position vector relative to the geometrical
centre of the group defined by < (X,Y,Z,) >= 0, and V] the line-of-sight
component of the velocity from us, we have that (W i— <V >)?RL,;is gen-
erally smaller (HTB) than 'u” ;71:- HTB account for this effect by rewriting
eq. 1.136 as:

Mp = G(n ) Z(VL, <V >)R.; (1.137)

where o = 1.5 as a result of numerlcal experiments. BT and HTB claim
that the projected mass estimator avoids some of the problems of the virial
mass estimator in particular it is less sensitive to the interlopers.
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By modifying eq. 1.137, HTB introduced two more estimators. They
call median mass estimator the quantity:

Mz = P2 medis{(Vis = ViR (1.138)
Since the median med;{z} of an ordered vector z;, i = 1,...,n is relatively

insensitive to its extreme values, M. should be quite insensitive to the in-
terlopers that are mainly responsible for the high values of (Vjj; =V} ;)*RL,;-
The best estimate of the parameter fyr. HTB obtained from their test is

fare = 6.5.
HTB also introduced the average mass estimator defined by:

2fA‘u
Mypy = =——— V,-—V,~2R ij 1.139
A Gng(ng — 1) (zz;)( il HJ) L] ( )

in this case fa, = 2.8 was the advised value for the orbit parameter. This
estimator should share the sensitivity to interlopers that the virial and
projected mass estimators have. It was also used by Barnes (1984) and
Van Moorsel (1982), and I consider it for the sake of completeness.

It is not hard to recognize that the assumptions supporting the expres-
sion for the projected mass estimator (eq. 1.137) are:

1. The system is bound and isolated,

2. it has spherical symmetry,

3. it is in a steady state,

4. it is made of point-like objects all with the same individual mass.

These are the same hypotheses which are needed for the virial family of
mass estimators. This is quite an important point since in every group
both virial and non-virial estimators are available, but unfortunately this
also means that they are not independent and so comparison between them
does not tells us much about the real physical mass of the system. It merely
informs us about the relative reliabilities of two different procedures which -
are based on the same basic assumptions.



Chapter 2

The available catalogues of
galaxy groups

Abstract

The set of five different catalogues analysed in the present work is de-
scribed in detail. Particular attention is devoted to the features of the
underlying galaxy samples and to the group identification algorithms for
each group catalogue.

2.1 Introduction

In this chapter I review the observational data used in my work: namely
five distinct group catalogues compiled quite recently and complete in red-
shift. In the previous chapter I have described all the quantities needed to
perform this analysis and their relevance, now for each catalogue I describe
the features of the input data since in some cases they are not exactly
what is present in the original catalogues. Some of the groups have been
excluded from the used catalogues for different reasons that I will explain
in each case, for some other catalogues the information about the total
blue magnitude was missing and has been taken from other more complete
surveys, and so on. In conclusion, because of these changes in the original
catalogues, I think it is useful to clarify the exact features of the catalogues
effectively used.

2.2 The GHS83 catalogue

The integral version of this catalogue, containing 176 groups, was ob-
tained by GHS83 from the Centre for Astrophysics Red-Shift Survey con-
taining all the galaxies present in the Zwicky and Nilson (1973) sample. The

43
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Table 2.1: Summary of the features of the GH83 catalogue.

magnitude system B(0)
absorption corr. no
completeness mp(o) < 14.5
velocity corr. yes
coord. range {61 > 40° 6 > 0°}U
{b!T < —30° & > —2°.5}
GIA friends-of-friends
§p/p = 20; Vo =600Km/s
Luminosity Schechter type : M, = —19.4,
function ¢, = 0.0143Mpc™3, a = —1.3
no. of groups 141

coordinate range of the sample is {b/T > 40° & > 0°} u{pf < -30° 6 >
—2°5}. The magnitude values are given in the B(0) system of Zwicky
(Huchra 1976), and the sample is complete in magnitude up to mpo) = 14.5.
Because of the high galactic latitudes covered by the sample, the values of
the apparent magnitudes are not corrected for the absorption effect. How-
ever this correction is negligible (HG82, GH83). The red-shift of each galaxy
is corrected for the infall towards the centre of the Virgo cluster according
to eq. 1.3. In order to compile the group catalogue the friends-of-friends
GIA has been applied. The set of parameters leading to the most stable and
reliable group catalogue was: Vo = 600Km/s, 6p/p = 20 or equivalently:
Do = 0.52Mpc, and Vg = 1000km/s. The expression of the luminosity
function used in Dy and Vi was of the Schechter type with the following
parameters: ¢, = 0.0143gal.mag. " *Mpc™2, a = —1.30 and M, = —19.40.
The galaxy sample contained 2390 galaxies: 1451 (= 61%) were assigned
to groups, 280 (= 12%) were in binary systems and 659 (= 27%) were
members of no system (i.e., isolated). Some of the 176 groups identified
by HG were nuclei or fractions of well known large clusters as in the case
of group number 106 which is the Virgo cluster. These groups have been
omitted. The same has been done with the groups contaminated by inter-
lopers (see GH83). In this way I have tried to reduce the biases due to
incompleteness and interlopers. The total number of groups that satisfies
these requirements is 141. In the case of this catalogue all the quantities
discussed in the previous chapter are calculable, so GH83 is a good source

of information. The main features of the GH83 group catalogue are listed
in Tab. 2.1.
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Table 2.2: Summary of the features of the RHG89 catalogue.

magnitude system B(0)
absorption corr. no
completeness mp) < 15.5
velocity corr. no
coord. range {8h < a<1Th,
26°.5 < § < 38°.5}
GIA friends-of-friends
bp/p =80, Vo =350Km/s
Luminosity Schechter type : M, = —19.15,
function ¢ = 0.025Mpc™3, o = —1.2
no. of groups 49

2.3 The RGHS89 catalogue

This catalogue was obtained from an extension of the Centre for Astro-
physics survey complete up to mp(o) = 15.5 containing 1766 galaxies of the
Zwicky and Nilson catalogue within 8" < o« < 17" and 26°.5 < § < 38°.5
covering 0.42sterad. of the sky. The catalogue of groups is obtained by
applying the friends-of-friends GIA with the following values for the search
parameters: Dy = 0.27 Mpc (corresponding to ép/p = 80), Vo = 350Km/s
and Vp = 1000Km/s, so that Dy = 0.27Mpc. The whole catalogue in-
cludes 128 groups with a total of 778 members. The luminosity function
used to scale Dy and Vj is taken to be of Schechter (1976) form. The
parameters ¢, = 0.025Mpc=3, M, = —19.15 and a = —1.2 are those deter-
mined by the CfA survey (de Lapparent et al. 1989). Finally the galactic
magnitudes were not corrected for the absorption effect and no correction
was applied to the observed velocities because of the depth of the sample
(cz <1500Km/s). I had at my disposal only a fraction of the whole sam-
ple of groups made available by M. Ramella. They correspond to the first
slice of the whole survey published by Huchra et al. (1988). In order to
avoid considering groups that miss galaxies because they are too close to
the limits of the slice, I excluded from the catalogue the groups closer than
two harmonic radii to the edge of the slice. The data reported in Tab. 2.2
describe the properties of the catalogue I used. As in the previous case, all
the discussed parameters were computable for this catalogue.
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Table 2.3: Summary of the features of the 589 catalogue.

magnitude system Br
absorption corr. no
completeness no
velocity corr. yes
coord. range {HT<—30°, § < —17°.5}
GIA friends-of-friends
§p/p =20, Vo =600Km/s
Luminosity fn. - '
no. of groups 84

2.4 The S89 catalogue

This catalogue is due to Maia et al. (1989, hereafter $89) and is based
on the Southern Sky Red-shift Survey (SSRS, da Costa et al. 1988). This
sample counts 2028 galaxies drawn from the ESO/Uppsala Survey of the
ESO(B) Sky Atlas (Lauberts 1982) satisfying the conditions: log(D(0)) >
0.1 and b7 < —30°, § < —17°.5. Here D(0) is the face-on diameter and
SSRS is a diameter-complete sample. In their analysis Maia et al. (1989)
considered all the galaxies having V < 1200K m/s (1534 galaxies) and cor-
rected the velocity of each one by a dipole virgocentric flow model according
to HQ. They applied a friends-of-friends GIA slightly modified because of
the completeness in diameter of their sample. Moreover, instead of using
the Schechter form, they fitted the luminosity function with their data as
in da Costa et al. (1988). Their GIA was characterized by: ép/p = 20 and
Vo = 600Km/s with Vg = 1000Km/s. About 35% of the SSRS galaxies
were assigned to groups, 14% to binary systems and 51% were isolated.
These fractions are quite different from those obtained by GH, probably
reflecting the absence of large agglomerates of galaxies such as the Coma
and Virgo clusters in the South.

The magnitudes of galaxies were obtained from Lauberts and Valentijn
(1989) when available and were given in the Br system of de Vaucouleurs
et al. (1976). The number of groups having all members with known
magnitude was 81: only one less than the total number of groups in the
catalogue. The main features of the §89 group catalogue are listed in

Tab. 2.3.
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Table 2.4: Summary of the features of the T87 catalogue.

magnitude system B
absorption corr. yes
completeness no
velocity corr. yes
coord. range all unobscured sky
GIA 3-dim. hierarchical cl.
merging crit. max. Fj; = LR[jz
reality crit. lum. density p = LR;-?’,
p>pg=25-10°LoMpc2
3-dim. free param. Vi =300Km/s
no. of groups 157

2.5 'The T87 catalogue

Tully (1987b) tried to identify groups of galaxies while taking into ac-
count the Large Scale Structure that contains them. He used the Nearby
Galazies Catalog (NBG, Tully 1987a) and the Nearby Galazies Atlas (Tully
and Fisher 1987) containing information about 2367 galaxies distributed
over the whole unobscured sky with V, < 3000 Km/s. Two major sources
contribute to the NBG catalogue. All Shapley-Ames (1932) galaxies satis-
fying the velocity cutoff (1053 galaxies, Sandage 1978, Sandage and Tam-
man 1981) are included in 787, and this assures completeness across the
sky to By’ < 12.0. The NBG catalogue also includes the results of an
all-sky HI survey. Other sources are given by observations made from
the northern hemisphere described by Fisher and Tully (1981), while Reif
et al. (1982) and Chamaraux et al. (1989) observed from the southern
hemisphere. All these sources provide 1515 redshifts to the NBG cata-
logue. However the group catalogue also contains member galaxies below
the completeness limit.

Summarizing it is possible to say that the NBG catalogue covers quite
uniformly the entire unobscured sky. The values of the velocities are cor-
rected for a systemic velocity of 300 Km/s towards [ = 90°, b = 0° (i.e.,
the centre of the Virgo cluster).

The GIA adopted by Tully (1987a) is the three-dimensional hierarchical
clustering method described in §1.3.2 but with slightly different features rel-
ative to its previous version (Tully 1980). He solves the problem concerning
the three-dimensional separation of the units by considering two different
regimes for the difference in radial velocities. In the first case the difference
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between the velocities is very large and is assumed to be due to the Hubble
flow, so that the line of sight separation is directly obtained. In the case
of a very small difference between radial velocities, the separation is taken
directly from the positions on the celestial sphere. In all intermediate cases
the separation is obtained from an algorithm that allows to pass from one
to the other limiting case in a smooth way. This process is regulated by
a free parameter: the limiting differential velocity V;: if the difference of
radial velocities is lower than V; then we are in the low velocity case. Tully
(1987a) concluded that the value 300 Km/s for V; gives the most robust
results: a change of £100 Km/s does not affect the properties of the result-
ing groups in the majority of cases. According to the hierarchical nature of
the adopted GIA, at each step of the clustering process the units present in
the sample are merged to form richer and larger entities. At the first step
all the galaxies in the sample are separate units and Tully considered for
each pair (¢,7), 7,7 = 1,..., N = 2367 the quantity F;; = LmamR{jz where
Lz = maz{L;,L;} and R;; is the distance between the two galaxies. On
the assumption that the luminosity L; equals the mass M; for every galaxy
in the sample, this F}; is a measure of the gravitational force between the
ith and j** galaxy. The pairs having the largest Fj; value are merged to
form a new unit ¢ with a total luminosity L, = L; + L; and with a position
given by the luminosity weighted average of the ¢+ and 7 member positions.
Then at the following steps of the process the sample is formed by different
kinds of object: galaxies and new units of previously merged galaxies. The
procedure then repeats until all the galaxies are merged to form a single
unit containing N members.

While the hierarchy is developed by this parameter, membership is
judged on the basis of the luminosity density p = LRi_j?’. In this way,
assuming that there is a universal value of the M /L ratio, it is possible to
specify a critical value p, such that those groups having a higher value of p
have collapsed by the present epoch, while those groups having a lower value
have not yet collapsed. On the basis of empirical considerations, Tully took
pg = 2.5-10°Lo Mpc™3, uncertain by a factor of two. This value of pg should
define groups with crossing times less than the age of the universe, but Tully
(1987a) admits that he has not considered the consequences of alternative
definitions of p on membership. As an example, one could consider what
happens if I is replaced with the total luminosity of the two groups instead
of that of the brightest component. In order to check the hypothesis that
the identified groups were actually bound and collapsed objects, Tully con-
sidered three tests. The first is based on the crossing time and he adopted
the Jackson definition given in eq. 1.66. The median value of the best data,
obtained from the 49 groups having at least five members, is smaller than
the Hubble time: 7;H, < 0.3, hence these groups are probably bound.
The second test considered the collapse time t. defined by Gunn and Gott
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(1972). For the same 49 groups of the first test he obtained {.Hy = 0.6
as the median value and in 98% of these cases t, < 2H; ', thus concluding
that these groups have already collapsed or are collapsing. In fact, clusters
are expected to virialize after about 1.5¢, through the violent relaxation
process and this condition is indeed satisfied by half of the groups. The
third test was devoted to a search for interlopers. It was based on previous
studies of group properties (Byrd and Valtonen 1985), showing that fainter
prospective group members tend to be redshifted with respect to the group
mean. This observation was interpreted as being due to the presence of
interlopers, but other more controversial interpretations are possible (Arp
1970; Jaakola 1971; Arp and Sulentic 1985; Mezzetti et al. 1988). The
result seemed to indicate the absence of interlopers in these groups. Sum-
marizing the outcome of these tests, Tully (1987a) suggested that most of
the groups had probably collapsed, thus satisfying the requirements of the
identification process, and that half of them were virialized.

Another result of this identification procedure was the identification of
objects that Tully called associations: systems of galaxies showing a core-
halo structure, probably not bound, and identified by a critical value of p
which is an order of magnitude lower than that identifying groups.

Finally the outcome of Tully’s analysis is a list of 366 systems of two
or more members involving 1525 galaxies (i.e., 64% of the 2367 galaxies
forming the whole sample), a further 508 (21%) systems lie in associations,
303 systems (13%) lie outside groups and associations but are identified
with other structures (clouds), and 31 (1%) systems are not identified with
any higher order structure. In my analysis I have retained only 172 groups
with a total of 941 member galaxies excluding all the pairs, associations
and isolated galaxies. I also excluded groups with negative mean velocity
and those groups showing too large an observational error in the member
velocities since they would have o2 < 0. In fact, considering eq. 1.62,
excessive values of the observational errors A? would cause the corrected
velocity dispersion o2 to be negative and hence meaningless. The main
features of the T'87 group catalogue are listed in Tab. 2.4.

2.6 The V84 catalogue

Vennik (1984) applied the three-dimensional hierarchical clustering tech-
nique to a sample of galaxies in the northern hemisphere (§ > —2°30'). The
region surrounding Virgo (11"50™ < « < 13", —2°30' < § < 20°) was ex-
cluded because of its strong deviation from the Hubble flow. The galaxy
sample contains only objects with known redshifts and with velocities less
than 3500Km /s while the mean velocity of the groups found is less than
3200Km/s, covering in this way the major part of the Local Superclus-
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ter. The redshifts are obtained mainly from Fisher and Tully (1982), and
also from Rood (1980), RC2, Huchra et al. (1983) and finally Vennik et
al. (1982, 1984). All the heliocentric velocities are corrected for the solar
motion around the Virgo cluster. The equatorial coordinates and apparent
Br magnitudes come from the Uppsala General Catalogue (UGC) of Nilson
(1973), while the morphological types come from RC2 or UGC. The sample
obtained in this way is by no means complete in any sense.

Vennik (1984) adopted the three-dimensional hierarchical clustering tech-
nique as GIA. This kind of technique is specified by the merging criterion
function and by the coupling between the redshift and line-of-sight sepa-
rations between galaxies. Vennik assumed, according to Rood and Dickel
(1978), that the intrinsic distribution of velocities of galaxy groups is Gaus-
sian with a characteristic dispersion of ¢ around the centre of mass velocity
v,. He then claimed that the probability of having a galaxy velocity of
v = v, + Av is given by exp[—Av?/20?]. In a similar way the probability of
an accidental projection (interloper) of a galaxy with a given Av on the sys-
tem is: 1 — exp[—Av?/20?]). Assuming that r;; = Awv;;/Ho (Avi; = v; — v;)
is the line-of-sight separation for a pure Hubble flow between the 7" and
the 7t* galaxy with velocities v; and v; respectively, then the line-of-sight
separation can be calibrated by:

, —AvZ
rij = Tij [1 — €XPpP ( 902 '7)] . (21)

In this way the observed line-of-sight separations r;; are weighted by the
probability of accidental superposition in a smooth way without a sharp

cutoff in Av. The intrinsic dispersion ¢ here characterizes the relation
between the line-of-sight and the redshift distances. Vennik considers o
as a free parameter which is adjusted in order to obtain the most reliable
membership assignment.

The distance between two units (groups or galaxies) in the quasi-three-
dimensional space (a, §,v) is given by:

ij = Rfj + (rgj)z — 2Rijr§j cos(m/2 + s;5/2) (2.2)

with v; < v; and Ri; = 2v;/Hosin(s;;/2) where Vennik assumes Hy =
75Km/(sMpc) and s;; is defined by:

cos s;; = cos[Aa cos(;)] cos(A§) + sin[Aa cos(§;)] sin(Aé) cos() (2.3)

and

» cotp = cos(m/e — &;)/ cot(Aa/2), & < &; (2.4)
and Aa =| a; — a; | and A§ =| & — §; |.
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The merging criterion function adopted by Vennik is the same as in the
case of Tully (1987b) the maximization of the force between two units F;
has more physical sense:

By = MmawRi“jzy Mimae = maz{M;, M;}. (2.5)

Here the masses are estimated from the luminosities by assuming a standard
mass to luminosity ratio:

M
=\ — ) L 2.6
M= (Z) 29)
with a dependence on the morphological type defined by:
%—(E:SO:S):Q:Q:L (2.7)

The merging of the i** and 7" unit leads to a new unit with a mass equal to
the sum of all members’ mass computed according to the previous relation
and placed at its centre of mass.

Vennik judged the reality of the obtained systems by using the number
density contrast between the system and its environment. At each level of
the force hierarchy Vennik computed the number density as:

3n
Pn =

4qr3

(2.8)

where n is the number of galaxies in a given system and r is an estimate of
its radius:

max{M;, M;}
T = R,;j .

M; + Mj

The reason for to this choice instead of taking the mass density is the fact
that Vennik also wanted to consider systems formed by a massive central
galaxy surrounded by dwarf satellites. The critical value of p,, separating
real and non real groups can be considered as the second free parameter of
this GIA. Because of the fact that the sample of galaxies was not complete,
Vennik could not fix a universal value for the number density enhancement
above the mean of the sample. An estimate of this value for the Local
Group gives log p, = 0.10 but, if we move this group farther and farther
away, the fainter galaxies become invisible and the group size decreases
so that-the number density is no longer the same but tends to increase.
Therefore Vennik considered it more reliable to define a group on the basis
of a jump in the hierarchy. In other words, when a really isolated galaxy is
merged into a group, the density shows a strong decrease. Then examining
the sequence of jumps in the hierarchy, one can have an idea about the
isolation of the groups: the higher the jumps, the better the groups are
distinguished and form real physical systems. In summary, Vennik’s groups

(2.9).
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Table 2.5: Summary of the features of the V84 catalogue.

magnitude system Br
absorption corr. no
completeness no
velocity corr. yes

northern sky
3-dim. hierarchical cl.
max. Fj; = M/ﬁLR;jz
num. density p, = 3n/(4rr?®),
o =300Km/s
109

coord. range
GIA
merging crit.
reality crit.
3-dim. free param.
no. of groups

Table 2.6: Summary of the features of all the catalogues.

GHS83 RGHSS S89 | V84 | T87

mag.sys. B(0) B(0) Br BY | Br
abs. no no no yes | no
comp. mp(o) < 14.5 | mpo) < 15.5 no no no
vel. cr. yes no no yes | no
GIA f. of f. f. of f. f. of f. | h.c. | h.c.

are identified by direct inspection of the hierarchical structure described
by a dendrogram, taking into consideration mergers at high density level
(log pr > 0.0) and limiting the group at a transition to a significantly
lower density level. The force-hierarchy depends on the assumed value for
o, and the value giving the most stable group membership and internal
dispersion is 300km/s. Analysing the dendrogram obtained in this way,
Vennik obtained 116 groups, 9 of which are divided into two subgroups
called A and B, which I have relabelled 0 and 1 for reasons linked to my
computer code. Unfortunately not all of these groups were suitable for my
analysis and I excluded those having too high an observational error in the
redshifts. In this way I used a total of 109 groups. The main features of
the V84 group catalogues are listed in Tab. 2.5.



Chapter 3

Analysis of the data and
discussion of the results

Abstract

To complete the study of group catalogues described in the first chapter,
I analyse the properties of the physical parameters of groups in each cata-
logue by considering the largest number of available estimators. Particular
attention is paid to observational bias and an attempt to reduce it is con- =
sidered. The dynamical state of groups is studied and its consequence on -
the estimation of group mass is described. All catalogues are compared in
order to test the dependence of group properties on the particular catalogue
they belong to.

3.1 Introduction

In this chapter I discuss in full detail the results obtained from the anal-
ysis of each group catalogue. The peculiarities of each case will be stressed
since they are of great help to understand different catalogues, their com-
mon features and the main differences among them.

Since the distributions of the relevant parameters are unknown, I pre-
ferred to use a non-parametric description of the results obtained and of the
comparison among them. This allows me to avoid assumptions about the
behaviour of the computed parameters and to follow a general procedure
to reach conclusions about the studied groups.

In some cases I refer to subcatalogues formed by groups satisfying a
given property. For example GH83(D < 20 Mpc) indicated the set of
groups in GH83 catalogue and observed within 20 Mpe from us. Another
example is T87(Lmqe > 0,D < 20 Mpc) which indicates the set of groups
in the T'87 catalogue, observed within 20 Mpc from us and having at least
one member with known luminosity. In fact, in the case that all members

33
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do not have a known magnitude, the luminosity of them all as well as that
of the whole group is considered zero. It is also worth pointing out that
the units used to express the values of the computed parameters are: solar
units for the mass and the luminosities (Mg and Lg ), megaparsecs (M pc)
for the distance from us and the sizes of groups, Hubble time (Hy ') for the
crossing times and kilometers per second (Km/s) for the velocity dispersion
and average velocity.

3.2 Analysis of the GH83 groups

3.2.1 Generalities

The groups contained in this catalogue show a wide range of variation for
the computed parameters described in the previous chapter. In particular
the distance from us ranges from 2 Mpc to 78 Mpc and so the observed
141 groups span quite well the extent of the Local Supercluster.

A first image of the content of GHS3 is given by the map of the group
positions in the supergalactic coordinate frame (X SL,Y SL,ZSL)in fig. 3.1
and 3.2.

Here it is possible to notice regions of the space without objects in them.
This is due to the fact that GH83 does not completely cover the whole sky
solid angle as it appears clearly in fig. 3.2. The function wggrss(«a, §) defines
the catalogue solid angle:

1 if (e,6) € A
wGHss(a,ﬁ).——;{ if (e, 8) € Acrss

0 otherwise

(3.1)

where Aggss is fixed by the coordinate limits as in Tab. 2.1}, and amounts
to 2.72 sterad, corresponding to 22% of the whole sky solid angle (Ao =
47 = 12.57 sterad). Remembering that the most distant group of GH83
lies at Dpes = 77.7 Mpc, the volume? spanned by GHS3 is:

Doz p27 pm/2
Verss = / / / wenss(a, §)r? sin(8)dédadr = 4.26 - 10° Mpc®

(3.2)
so that the average number density of observed groups in GHS83 is:
P (GHS3) =3.31107* Mpc™>. (3.3)

A list of the computed parameters and their statistical characteristics
is reported in Tab. A.1.

1Due to the large number of tables, I have decided to place all tables in appendix A.

2The volume of the catalogues quoted in this chapter have been computed by adopting
a Monte Carlo algorithm with a required accuracy of 0.01. The results have been confirmed
using different routines.
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Figure 3.1: The GH83 map in the supergalactic coordinate frame (part 1),
the values of the coordinates are given in M pc.
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Figure 3.2: The GH83 group coordinate maps (part 2). Upper graph:
positions in the supergalactic coordinate frame (in units of Mpc. Lower
graph: the (@,§) map in units of rad. Recall that these coordinates are
defined in the intervals: « € (0,27), § € (—n/2,7/2). The obscured regions
lacking groups are quite evident.
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Figure 3.3: The incompleteness function for the GH83 sample, here
m,. = 14.5. The horizontal straight line indicates the value assumed for
the minimum possible value for the luminosity of a galaxy in this sample:

10g(Lmin/Lo) = 7.T1

3.2.2 Analysis of the biases

A very well known problem affecting magnitude-limited samples of galax-
ies is the Malmquist bias. This is introduced by the fact that the galaxies
listed in the sample are those having an apparent magnitude m smaller
than a fixed value m,, the completeness limit. At a distance D from us, the
total luminosity L. corresponding to m, is given by L. = L(D,m.) < D?
(see eq. 1.23). In this way as we move far away increasing D, the number
of galaxies that we can observe decreases causing us to have a misleading
image of the more distant regions of the sampled space. I call here in-
completeness function the relation between L. and D. An example of this
function for the GH83 catalogue with m. = 14.5 is shown in fig. 3.3.

The main drawback of the undersampling occurring at large distances
is that we underestimate the median and average value of, for example,
the group luminosity and hence overestimate the mass to luminosity ratio
of groups. If we are interested in the general behaviour of groups, we
cannot analyse a catalogue affected by this bias since an unknown amount
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of information is lost. What we observe is then an unfair representation of
the real group distribution.

A typical manifestation of the Malmquist bias is the increasing of the
minimum luminosity of group galaxies with distance from us. GHS83 is
strongly affected by the Malmquist bias, in fact the minimum value of the
galaxy luminosity increases monotonically with distance by ~ 2.4 orders of
magnitude from the closest to the farthest group. A quantitative descrip-
tion of this trend is given by the Spearman rank correlation coefficient 7 of
the relevant parameters with distance, listed in Tab. A.3. The hypothesis
of independence | 7 |= 0 is tested against real correlation | » |> 0, and the
critical region of the test is taken as 0.05 (i.e., if the significance S results
smaller than the critical value of 0.05 then the tested hypothesis is rejected,
otherwise it is accepted).

Going back to fig. 3.3 it appears that GH83 is free from the Malmquist
bias only within 5 Mpc (see also fig. 3.4), a very small value. So a larger
and larger fraction of groups that can actually exist in the volume within
Doe is missed because of the fact that they are at a distance such that L,
is larger than the luminosity of all their members or at least of the third
brightest galaxy in the group. If we assume that the distribution of the
galaxy luminosity within groups is given by the Schechter (1976) function
given by Geller and Huchra (1983) (see eq. 1.29) then it is possible to
compute the fraction of the luminosity and number of group galaxies that
we lose because of this bias. Recalling the definition of number visibility v,
(eq. 1.41) and luminosity visibility A, (see eq. 1.40), the lost fraction is given
by (1—Xg(D)) and (1 —v,4(D)) respectively; both these functions are shown
in fig. 3.4. It is possible to note the different behaviour of the two curves:
the number fraction of the missed galaxies increases more quickly than the
luminosity fraction. This means that, for example, at a distance of 30Mpc
we can observe only the richest groups since nearly 90% of the member
galaxies are fainter than L.(30Mpc), and also means that the observed
fraction of galaxies contributes to the total group luminosity by a fraction
of nearly 35%(?). The different behaviour of A, and v, is due to the different
exponent of the linear term in the expression of ¢(l), i.e., the o parameter
in f(e;l) differs for A, and v, in eqs. 1.41 and 1.40.

This point deserves careful attention. In fact, we can statistically re-
cover the total group luminosity Ly, and members N, by egs. 1.33 and
1.39, but there are other very important dynamical parameters that can-
not be corrected for the missed fraction of members: the radius and the
crossing time estimators. It is easy to notice that at a distance of only
10 Mpc we lose nearly one half of the members. This fact has strong

3All these statements have only a statistical meaning, of course. It would be wrong to
apply them to single groups.
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Figure 3.4: The lost fraction of luminosity (heavier line) and number
(lighter line) as functions of the distance from us. Both are computed
for the Schechter function with the parameters reported in tab. 2.1 and
with log(Lmin/Lg) = 7.77 and m. = 14.5.
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Figure 3.5: The estimated total numbers of group member N, as a function

of the group distance D,. It appears clearly that the correction is not
unbiased at large distances.

consequences for the uncertainty in the estimated mass as was shown by
the numerical experiments of Aarseth and Saslaw (1972), by Saslaw (1985,
part 3, pp. 303-311) and more recently by Giuricin et al. (1984). A
quite rough correction for the unseen members is applied only to the ve-
locity dispersion (eq. 1.62). The dependence of the virial mass on the
second power of the velocity dispersion and on the first power of the radius
causes the high correlation observed between the virial mass and the ve-
locity dispersion r[log(My.),log(o,)] = 0.95 with § = 2.8-107'°. The
much smaller correlation between the same mass and the virial radius
rllog(My.,),log(Ry.)] = 0.16 with § = 0.31, is the reason for the attention
paid to the velocity dispersion estimate. It is more important to correct o,
rather than Ry, for the incompleteness effect in order to refine the estimate
of the mass.

On the other hand it is important to consider the fact that the correction
technique adopted to estimate Lty and N, is not free of bias. This appears
clearly in figs. 3.5 and 3.6. Since we can estimate the fraction of number
and light we lose, the total correction AL (and AN) increases both with
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Figure 3.6: The decimal logarithm of group luminosity versus group dis-
tance. The black dots indicate the observed luminosity L,,, while the open
circles indicate the estimated total luminosity Lr,.
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distance and with the observed value:

1
AL - LTg - L_.,g = (3\——(5)— - 1) Lsg (34)
g
and
1 .
AN:Ng—ngZ FD—)']. Ng. (35)
g

These corrections are probably reliable only if their values are not too large,
otherwise it is likely that they introduce further errors and undesired trends
with distance and observations.

A way to dispose of these problems could be to cut the sample at a
distance such that the lost fraction of light and members of groups is suf-
ficiently low. Unfortunately, this remedy turns out to be worse than the
Malmquist bias itself. In fact, if we consider only groups within 10 Mpc,
our catalogue reduces to six groups, an irrelevant number for a statistical
analysis. Let me define D), (and similarly D,,) as the distance within
which the fraction of the observed luminosity of the group amounts to n %;
in symbols:

Ay(Dsn) = n/100. (3.6)

So the Malmquist bias disappears if we cut the sample at Dy, but this
value leaves us with an insufficient number of groups. In fact D190 = 5 Mpc
and Nops(Dy < Dyioo) = 2. This means that only an irrelevant fraction of
GHS83 is free of this bias.

By inspection of fig. 3.6 it appears that there is an absolute minimum
in the curve defined by the lower bound of the (logL,,, Dy) points at ~
18 —20Mpc. This suggests the possibility of cutting GH83 at 20M pc. This
choice implies:

Ay (D = 20Mpc) = 0.80, v,(D = 20Mpc) = 0.25. (3.7)

Although this choice does not seems particular ingenious, it allows us to
restrict our attention to a large enough catalogue of groups for our statisti-
cal purposes. In fact Ny, (D, < D, = 20Mpc) = 38, which is not too low.
In order to check quantitatively the reliability of this choice, it is worth
testing the correlations existing between pairs of the computed parameters
of groups. The cut at 20 Mpc is accepted as reasonable if the groups of
GHB83(D, < 20 Mpc) show no correlation between parameters that should
be independent such as the luminosity and distance. It is worth noting that
the correlation between the mass My, and the distance is also reduced be-
low the significant value (S > 0.05). The same effect is observed for the
velocity dispersion and the virial radius. The test of independence between
the parameter pairs has been carried out using the Spearman correlation
coeflicient r and the results are reported in Tab. A.4.
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For the sake of completeness other choices of D, were considered and
some of the resulting correlations are given in Tabs. A.5, and A.6.

This analysis gave comforting results. The comparison among the inde-
pendence tests performed for different choices of D, allows me to conclude
that there is no strong dependence on the particular value of the distance
cutoff D,. In fact both the observed (L,;) and the estimated total (Lr,)
luminosities are independent of distance D, as is reasonable for a fair sam-
ple. Moreover, the mass estimators share the same independence. This is a
rather important fact. A good correlation is found between the luminosity
and the richness of groups both in the observed pair (L,,,n,) and in the
estimated total quantity pair (Lzg,N;). Unfortunately a certain amount
of undesired correlation is present between N, and D,, which can be un-
derstood from the high value of the lost fraction in richness at 20Mpc:
(1 — v(20Mpc)) = 0.75. It is not advisable to decrease D, in order to
remove this correlation because of the consequent further decrease of the
number of groups present within D,. These results seem to indicate that
the choice of cutting the sample at 20 Mpc is quite reasonable. This is also
supported by Tully (1987b) who claims that his sample of galaxies (from
which T87 is obtained) is complete up to mp < 12.0 within 19 — 20 Mpc.
Moreover, taking D, = 20 Mpc makes me quite confident that the Local
Supercluster is well contained within this distance. ‘k

We are now left with a subcatalogue GH83(D < 20Mpc) which con-
tains only 38 groups: nearly one third of the whole GH83 content. The
main drawback of this reduction is the lower resolution of the statistical
test needed to analyse the distribution of group parameters both when
comparing the performances of two different estimators of the same physi-j"
cal quantity and when comparing the observed distribution of an estimator
with a theoretical prediction. The non-parametrical test suitable for the
statistical analysis is the Kolmogorov-Smirnov (KS) test. The error bands,
and hence the resolution, of this test is strictly dependent on the amount
N of available data and goes as N~/2. Therefore, if N is reduced from
141 to 38, the error band increases by a factor of (141/38)}/% = 1.93 and
similarly the resolution of the test decreases. This means that a different
behaviour of, say, two estimators of the group mass which are really dif-
ferent must show a difference in their observed distributions amounting in
GHB83(D < D,) to nearly twice the value it would have if revealed in the
whole GH83. In other words an insufficient but real difference in the esti-
mators would not be revealed in the nearby subcatalogue GH83(D < D,).

A first question we must answer concerns the relation between the gen-
eral statistical properties of GH83(D < D,), and also GH83 and GH83(D >
D,). In order to clarify this point, I considered the observed distribu-
tions of all the parameters appearing in Tab. A.1 obtained from the whole
GH83 and from the two subcatalogues. The results of this comparison
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gives us an idea of the relevance of the undersampling of the far away re-
gions of the catalogue. The characteristics of the parameters obtained from
GHB83(D < D,) are shown in Tab. A.8.

Performing the KS-test between the distribution of the nearby and dis-
tant subcatalogues I obtained that every mass estimator shows a strong
difference in its distribution obtained from the nearby (i.e., GH83(D <
20Mpc)) and the distant (i.e., GH83(D > 20Mpc)) subcatalogues (see
Tab. A.7 column B). An example of this test is shown in fig. 3.7. On
the other hand, only Myr, My and My, show a non-negligible differ-
ence between GH83 and GH83(D < 20 Mpc). For the other estimators
the significance S is always quite low, although not critically, it is possi-
ble to say that the stability is marginal. From the results in column C
of Tab. A.7 it seems that the distributions of all the mass estimators in
G H83 are dominated by the distant fraction of the catalogue, while the
results in column B seem to indicate that strong differences (S < 0.05)
between GH83(D < 20Mpc) and GH83(D > 20Mpc) become marginal
(0.10 < S < 0.05) differences between GH83(D < 20Mpc) and GHS3.
This result might also depend partially on the different number of groups
forming the compared catalogues. In any case there is evidence that the
mass distribution of GH83 is dominated by the contribution of the most
strongly biased fraction: GH83(D > 20 Mpc), no matter what estimator
is considered.

The behaviour of the other parameters is quite similar. It is worth
noting that the splitting of GH8 into two subcatalogues causes strong dif-
ferences in the distributions of N, but not of n,, consistent with the previ-
ous discussion about the Malmquist bias. Other main parameters such as
o, and 7Ty are stable against the splitting of the catalogue, while the size
estimators such as R, and Ry, change quite strongly.

It is likely that when a strong difference detected between a parameter
distribution in GH83(D < 20Mpc) and GH83(D > 20Mpc) persists, albeit
weaker when comparing GH83(D < 20Mpc) and GH83, then the difference
is real and the catalogue size difference does not play the major role in
producing the observed results.

In conclusion it is better to perform the analysis only on the nearby
subcatalogue if reliable conclusions are to be reached. However the results
obtained for the whole catalogue are also reported, for the sake of complete-
ness. In the case that I want to illustrate a result by a graph, and this result
holds for both the whole catalogue and its nearby fraction, I prefer to show
the graph concerning the whole catalogue because of its better statistical
resolution. This convention about graphs applies to all catalogues.
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Figure 3.7: The KS test comparing the distribution of My, obtained from
the whole GH83 (solid) and GH83(D < 20 Mpc) (long-dashed). The
dotted step functions indicate the 99% confidence band. In the lower panel
the difference between the two distributions is plotted as a function of the
steps of the two distributions.
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3.2.3 Analysis of groups physical parameters

In the last sections I illustrated the reasons for limiting the study of
GHS83 within D, = 20Mpc. The nearby fraction of GH83 contains, as
already shown, 38 groups. The volume covered by GH83(D < D) is:

VGH83(D_<_D*) =17.29- 103Mpc3 (38)
and the average observed number density of groups is:
P GHS3(D < D,)] = 5.2- 107 Mpc™>, (3.9)

A first point to discuss is the possible dependence of the observed distri-
bution of a given parameter on the estimator used. This obviously concerns
those parameters that can be estimated in more than one way: the mass,
the radius and the velocity dispersion. The KS pairwise comparison of the
various mass estimators used is reported in Tab. A.11. It is clear that all
the estimators perform equally well and that there is no dependence on
the way we compute the mass of groups: the distribution of this important
physical parameter is insensitive to the estimator adopted. This is quite an
important result which makes us quite confident that it is possible to refer
to the mass of a group without ambiguity.

The same KS pairwise comparison was applied to the virial radius es-
timators Ry, and Ry(w) for w =1, 3, 5 and 10. The results are listed in
Tab. A.12. They seem to indicate the presence of a significant difference
between two extreme cases: Ry(w) and Ry, for w = 5 and w = 10. In all
other cases no appreciable difference is found. This fact might mean that a
certain amount of morphological segregation is present within groups. This
result has been discussed in previous work (Mezzetti et al. 1985, Giuricin
et al. 1988) but no attention was paid to the Malmquist bias. Besides, it
is generally believed that the mass is a power function of the galaxy lu-
minosity so that a weight that only takes into account the morphological
type leads to a poor estimate of the galaxy mass. In Tabs. A.1 and A.8
the median and average values are listed and the difference is clear. The
presence of morphological segregation may justify a more careful attention
to the luminosity-weighting procedure. On the other hand, the poor cor-
relation between the mass and the virial radius (see fig. 3.8) indicates that
the adopted weights are of little consequence on the estimated mass distri-
bution. This is confirmed by direct comparison of weighted and unweighted
mass estimators (see Tab. A.11).

The velocity dispersion of groups is estimated by the fully corrected
expression of o, in velocity equipartition, that is to say without weighting
with the luminosity. Another estimator is V,,, not including the incomplete-
ness and global motion corrections. Finally, in the expressions Vy(w) the
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radius Ry,.
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mass is taken into account although in a quite rough way. A first result
is the similarity of the distributions of o, and V,: the corrections applied
to the observed velocity dispersion are irrelevant. They do not produce
a sensitive effect on the global distribution of the velocity dispersion of
GH83(D < D,) groups (see also Tabs. A.10, A.1 and A.8). On the other
hand the comparison of o, and V,(w = 10) (S = 0.04) suggests the use of a
more appropriate expression for the velocity distribution. Also in this case
I think that the composition of groups has a non-negligible effect on the
results. On the other hand, the weighting w does not significantly affect
the distribution of V,(w). The significant difference found between o, and
V,(w) for w = 5 and w = 10 is similar to that found in the case of the
virial radius. The point here is that the dynamical state of most of the
groups supports the assumption of velocity equipartition, rather than en-
ergy equipartition and so indicates o, as the more suitable estimator for the
velocity dispersion. In any case the good stability of the mass distribution
for all possible choices of estimator makes the weighting problem not very
relevant for mass estimators.

The relevance of the velocity dispersion for estimating the mass of
groups is shown in fig. 3.10.

Recent numerical simulations (Perea, del Olmo and Moles 1990) seem
to show that when the masses of the single particles forming the group
are unknown, the unweighted virial mass estimator is the more reliable.
Because of these remarks and the fact that for three out of five group
catalogues that I examined the weighted parameters are not available the
unweighted virial mass My, is retained as representative of the mass dis-
tribution of the groups in various catalogues. In any case the pairwise
KS test comparison gives no significant difference between the mass esti-
mator distributions. The comparison between the unweighted virial mass
My, and the projected mass Mp for the whole GH83 is shown in fig. 3.9.
Moreover the Kruskal-Wallis (Ledermann, 1982, vol. VI; hereafter KW)
test applied to all the nine mass estimators available gives a significance
S = 0.88 for GH83(D < 20 Mpc) and S = 0.48 for the whole GH83. This
means that there is good evidence that all the mass estimators have the
same underlying (parent) distribution.

Another point relevant to the discussion is the effect of the correction
(see pages 35- 38) to apply to the virial mass of groups accounting for
their dynamical state. A large fraction of groups (~ 90%) is found in the
region of a(7)* with 7 < 3 -, while nearly 80% have 7 < 2 - . Recall
that following the method described by Giuricin et al. (1988), a group
expands approximately with the Hubble flow for 7 < , it collapses for

4Please do not confuse the right ascension « with the virial a(r) although they are
indicated by the same symbol. ’
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Figure 3.9: The KS comparison between the virial My, (solid line) and
projected Mp (long-dashed line) mass distributions for the GH83 groups.
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m < 7 < 2m, reexpands for 27 < 7 < 37 and eventually becomes relaxed
for 7 > 3w. This means that they are in the phase of contraction after
the decoupling from pure Hubble flow. The distributions of = and o as
well as the curve a(r) (figs. 3.11 and 3.12) illustrate the numerical results
reported in Tabs. A.13 and A.14. Due to the particular distribution of 7, -
the correction factor for the virial mass u has a median value close to one
and so the evolutionary-corrected mass distribution N, is not significantly
different from the observed distribution N, (see fig. 3.13). This holds for
both GH83 and GH83(D < 20 Mpc). Moreover no significant change in
MNe(M) is due to the choice of the value for Q@ = 0.2 or 1. Although this is
not true in particular for the distributions of 7, @ and p in the whole G H83,
the general conclusions about the unevolved dynamical state of groups are
not dependent on ().

3.2.4 A procedure to recover distant faint groups

The number fraction of groups with mass not exceeding a given value
M is defined as the mass distribution of a given catalogue Nab,(M):

0 if M < min(M;) =M,
Nob,(M) = j/Nob, if M e [Mj,Mj.H) (3.10’)
1 if M > maz(M;) = Mny,,

with: M; < Mg, for 5 =1,..., Ny,. ;

This expression holds on the assumption that there is no relation be-
tween the group mass and its position within V. This is an assumption to
be tested.

Up to now what we have is only the observed distribution. In fact we
do not (unfortunately) have the opportunity to observe all the groups that
are present within D, because there may be many groups too far away
and too faint to be detected. In fact, recalling the discussion about GIA
in chapter 1, a bound system of galaxies is defined to be a group if the
number n, of its member galaxies is equal to or greater than 3. Suppose
that a given group has n, > 3 members with luminosities L; and L; > L;,,
with ¢ = 1,...,n,. If this group is obtained running a GIA on a magnitude
complete galaxy sample with limit at m,, then there exists an upper limit
Dg”) to the distance within which the group is visible and beyond which
it disappears since its third brightest member has luminosity Lz smaller
than the completeness value at that distance L{*) = L(mC,Dg")). If we
want to study the groups of galaxies within a certain distance (D,) from
the earth, the ideal condition would be realised in the case that for all the
observed groups the relation Dg”) > D, holds. In that case we could be quite
confident that the catalogued groups are all the groups present within D,
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Figure 3.12: The curve a(r) for the GH83 groups in the case = 0.2.

and none (or nearly none) is missed by the galaxy survey or by the G.LA.
Unfortunately, this is not the case and some of the GH83(D < 20Mpc)
have Dg") < D, = 20Mpc. This means that it is possible that an unknown
amount of groups like these is present between Dg") and D, but we do not
observe them. In this case it is necessary to account for these lost groups.
In order to estimate the number of unseen groups associated with a given
value of Dg"), it is necessary to assume a model for the number density
of groups within D,. Let us suppose that the number density distribution
pn(7) of groups within a spherical volume V(D,) with radius D, and centre
on the earth is known, and 7 indicates the position of groups within the
volume V(D,). In this case it is possible to compute the fraction of groups
within a distance D from us as:

D) = / WPV 3.11
w(D)=na [ pul) ()
so that n(0) = 0 and n(D,) = 1. If a group, say the 7" group in the
catalogue, is observed at a distance D; from us, but would disappear at
Dgu) < D,, then there is a fraction of the whole volume V(D.) that could
contain more groups similar to the 7t If we call N,(7) the total number
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of groups similar to the j* which are present within V(D.), then:

Nest(7) = ;73(%2;7)), (3.12)

on the assumption that the spatial distribution is independent of the bright-
ness of groups. Now n(D) depends on the geometry of the mass distribution
within V(D,). For a given p,(7), Ney(j) is determined only by the value of
ng) that depends on the third brightest galaxy of the groups (Ls(j)) and
on the completeness limit m.. Groups with small L3 have a small D®) and
hence a large N.,;. Only the absolute values of the various Nest(7) depend
on the geometry (i.e., p,), while the property of a given group to have the
largest N.,:(7) depends only on ng) and is independent of p,(7), due to

the non decreasing dependence of n(D) for growing D for every pn(7).

Once the value of N.,(7) is known, an assumption is required about
the mass of the lost N,,(7) — 1 groups. It is unreasonable that all should
have the same M () mass as the observed groups. A more acceptable es-
timation of their mass can be obtained by spreading the N, — 1 values of
the mass in an interval of amplitude §M(j) around M(7), where §M(7) is
the uncertainty in the mass value estimated by numerical simulations and
accounting for the projection and incompleteness effects. Following the
results of Giuricin et al. (1984), the spreading law can be obtained assum-
ing that the measurements of log(M) are distributed with a Gaussian law
around the true values with a standard deviation given by e(ngy, Ny) (see
page 39). After the spreading is applied the mass distribution accounting.
for the contribution of distant faint groups is available: M.(M). The prop-
erties of N.(M) depend essentially on the distribution of Neoi(j) and on the
masses M(j) of those groups having the highest N.,. If the distribution
of N..:(7) is strongly peaked on one or few values of j, then it is likely that
No(M) is significantly different from the observed distribution Nos,(M),
unless the highest N.,;(7) occur for groups with a mass close to the median
value of the observed distribution. In this case the observed distribution is
reinforced and the confidence bands around it shrink, thus increasing the
resolution of KS statistics.

It is not advisable to apply the faint distant groups correction to more
than one mass estimator. In fact, it is possible that the peaks of the distri-
bution of N..(7) occur for groups having different values of mass depending
on the estimator. If the difference among masses is large, then the indepen-
dence of N ,(M) on the mass estimator is not transferred to N(M). For
large enough values of maz;{Ne.(7)/ Sk Nest(k)}, the spreading is unable
to remove the dependence of the corrected distribution on the estimator,
although it can reduce it.

In the particular case of GH83(D < 20 Mpc) it is possible to ap-
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ply the method described to recover faint distant groups since there are
a certain number of groups for which D < D, = 20 Mpc. As a model
for the local spatial distribution of groups within 20 Mpc, the same em-
pirical law discussed for T'87(D < 20 Mpc) is assumed (eq. 3.18). That
expression for n(D) holds also if applied to T'87 groups occupying the
same volume of GH83(D < 20 Mpc) and the parameters Dy and v keep
the same value as for the whole T'87(D < 20 mpc). The corrected mass
distribution is then obtained from the distribution N.(M) by accounting
for the dynamical state of the groups. The result is that the total num-
ber of groups including faint and bright objects is 3, Now(7) = 53 and
mat;{Nest(7)/ Sk Nest(k)} = 0.11, which occurs for group number 22. The
peak is not too high, in fact the significance of the KS comparison be-
tween M (M) and N (M) is S = 0.999 (see fig. 3.14), which indicates no
difference. The quite high value of the ratio:

Nobs
S Vo) 0.72 (3.13)
is probably due to the high value of the completeness limit m, = 14.5 of
the catalogue, meaning that only few groups (~ 30%) are lacking because
of their distance and low brightness. This result seems to indicate that
the mass distribution of the GH83(D < 20 Mpc) groups is quite well
representative of the groups’ true mass distribution.

As a concluding remark I can say that, although I actually used the
expression in eq. 3.18, other kinds of n(D) have been tried. In particular
power laws: pp(Dyirgo) D;frgo where Dy is the distance of groups
from the centre of the Virgo cluster. This expression with v = 2 is sug-
gested (Tully 1982; Yahil, Sandage and Tamman 1980) to describe the
spatial distribution of galaxies around the Virgo cluster, but only within
10 Mpc from its centre. Other expressions for p,(7) were power laws with
steeper and shallower values of v, or depressed at high distances by an
exponential cutoff. However all these sorts of law suffer from the unjus-
tified assumption of spherical symmetry and continuity. It is shown, on
the contrary, (Tully 1982) that the matter distribution around the Local
Supercluster is clumped in clouds and flattened about a plane. Simple
power laws are too poor an approximation to the observed distribution
that can hardly be modelled in a satisfactory way by simple analytical
expressions. It seems to me that a good solution to this problem is to
adopt the empirical distribution of a quite rich catalogue in the exam-
ined region, namely the Tully catalogue. The procedure to recover lost
groups was tested in the case of T87(D < 20 Mpc) assuming two possi-
ble values of the completeness limit m.. The result was that for a deep
enough value of m. the procedure could give quite reliable results. Since
the value of m. is higher by two magnitudes (neglecting the correction for
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absorption) than the value of the T'87 sample it is likely that N (M) es-
timated for GH83(D < 20 Mpc) is actually a fair representation of the
real mass distribution. In any case it does not differ from the observed
distribution. The distribution of group mass corrected for the evolutionary
effect and accounting for faint distant groups has the following statisti-
cal features: min{M} = 11.64, maz{M} = 14.63, mean{M} = 13.11,
st.dev.{M} = 0.61, median{ M} = 13.151322 Q, = 12.63, Q5 = 13.63.

3.2.5 Summary

Let me single out the main results of the above analysis:

e a non-negligible selection bias affects the catalogue and can be re-
duced below significant values by limiting the analysis out to 20 Mpc
from us; the mass distribution of the main estimators shows a marginal
stability relative to this cutoff; in any case the whole-catalogue distri-
bution of masses is dominated by the distant fraction of G H83 groups
for all estimators;

e the statistical analysis of groups in the nearby fraction and in the
whole catalogue as well, seems to indicate that no significant differ-
ence exists between the mass distribution obtained using different
estimators, i.e., all the considered estimators are homogeneous and
show nearly the same statistical behaviour;

e the dynamical state of these groups is generally far from relaxation,
in fact nearly 90% of the groups have not yet reached the virial equi-
librium regime; however the correction accounting for unrelaxation
does not alter the mass distribution;

e a tentative correction is introduced in order to recover the groups
that are missed by the catalogue because of their great distance or low
luminosity. The result indicates that nearly 70% of the whole number
of groups present within 20 Mpc are observed, but this percentage
depends on the assumed model for the spatial distribution of groups;

e the mass distribution seems to show good stability relative to the
correction for lost groups, which means that it is likely to be a fair
representation of the real mass distribution. This result holds inde-
pendently of the model for the spatial distribution of groups.
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3.3 Analysis of T87 groups

3.3.1 Generalities

As reported in the previous chapter, T87 counts N = 157 groups dis-
tributed over all the unobscured sky and reaching a maximum distance of
Diar = 29 Mpc. Since Tully (1987b) does not give the exact limits of the co-
ordinate range covered by his catalogue, the solid angle .Arg; and hence the
volume Vrg7 are estimated quite roughly. We have that Arsy = 8.72 sterad,
corresponding to ~ 70% of the whole sky. The volume spanned is then:

Vrsr = 7.1-10* Mpc® | (3.14)
and the average number density of observed groups is:

F)(T8T) = 2.2-107° Mpc™2. (3.15)

The characteristic values of the available physical parameters for the
T'87 groups are listed in Tab. A.17, while the maps of groups’ positions are
shown in fig.s 3.15 and 3.16. In many cases some or all group members
have unknown magnitude. In these cases the total observed luminosity L,,
accounts only for the members with known BJ, while it is zero if B2 is
missing for all members. The quoted values of L,g, Limin and Ly, refer
only to the subset of groups having at least one member with known mag-
nitude and hence Lpm., > 0. This subset counts Nops(Lmae > 0) = 151
groups®. Only six groups are completely lacking in B%. On the other hand,
if I consider only the subset containing groups with L, > 0, so that all
members have known values of B, I get Nops(Limin > 0) = 52 -one third
of the whole catalogue. No significant difference is found on comparing the
mass distributions of all estimators in T'87(Lmin > 0) and T87. In fact,
the KS test for every mass estimator gives § > 0.50. The same result
is obtained by comparing T'87(Lmin > 0) and T'87(L,pez = 0). It is then
possible to deduce that faint members do not alter significantly the mass
distributions of the 787 groups. This is due to the similarity of the mass
distributions of groups containing only members with known magnitudes
and the groups that also contain galaxies of unknown magnitude.

Because of the lack of magnitudes it is not possible to consider the
luminosity-weighted parameters for the whole 7'87. In the case of T'87(Lpin >
0) the whole set of weighted parameters is available. For this subset of
bright groups the KS comparison between weighted and unweighted param-
eters indicates no significant dependence of the distribution on the adopted

3The parameters marked by a * in tabs., A.17, A.19, A.24, A.20 and A.22 refer to these
groups.
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Figure 3.15: The T87 map in the supergalactic coordinate frame (part 1),
the values of the coordinates are given in Mpc.
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Figure 3.16: The T87 group coordinate maps (part 2). Upper graph: posi-
tions in the supergalactic coordinate frame (in units of Mpc. Lower graph:
the («, ) map in units of rad.
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Figure 3.17: The group luminosity versus distance for the T'87 groups.

weighting procedure, in agreement with the result I obtained for catalogues
complete in magnitude (namely GH83 and RGH89). The stability of pa-
rameters against the weights w of luminosities can be due to the lack of
morphological segregation in the T'87(Lmin > 0) groups, or, more proba-
bly, to the particular population of these groups. In fact the median value
of the spiral fraction is n(S) = 0.615%;, and n(I.&P.) = 0.00g33, while
n(50) = 0.18325 and n(E) = 0.00399. These values indicate that the me-
dian fraction of galaxies with T' < —1 having w > 1 is much smaller than
later type galaxies having w = 1. For this reason I decided to benefit from
the richness of the whole T'87 catalogue and to avoid luminosity-weighted
parameters.

It is worth noting that the KS comparison between log(c,) and log(Vy)
is very high (S = 1.00) and so the correction for observational errors on
the velocities is small.

From Tab. A.19 it seems that a strong observational bias is present as
is indicated by the high value of the correlation coeflicient r{log(L.g), Dy] =
0.35 with § = 8.3-107° (see also fig. 3.17. A non-negligible correlation
with distance is also shown by the virial mass, the velocity dispersion and
the virial radius. The author of the catalogue (Tully 1987b) pointed out
that one of the two contributions to the galaxy sample is complete in BY
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within 3000 Km/s and the other is complete for galaxies of Sc type or
later within 1500 K'm/s and the incompleteness becomes significant above
2000 Km/s. I considered T87(D < 20 Mpc), the subcatalogue of groups
within 20 Mpec, and found that r[log(L,,),D,] = 0.18 with S = 0.054
and Nops(D < 20 Mpc, Limgz > 0) = 110, while for T87(D < 19 Mpec):
rllog(Lsg), Dg] = 0.16 with S = 0.096 and Nepo(D < 19 Mpe,Lopar >
0) = 106 without significant differences in the other properties of the two
subcatalogues. It seems that limiting the catalogue out to 20 Mpc reduces
to a satisfactory amount the observational bias of L,; with distance (see
Tab. A.22). Unfortunately the correlation with distance shown by My, o,
and Ry, is still significant although reduced. In order to obtain a negligible
correlation for these parameters, the limit in distance must be lowered
to 13 Mpc. In this case only 56 groups form the nearby fraction of the
catalogue. Moreover, no significant difference is found between the mass
distribution of groups within 20 Mpc and 13 Mpc. So the limit in distance
does not alter significantly the mass distribution of the nearby fraction of
the catalogue. It is also worth noting also that no significant difference is
found between the mass distribution of groups in T'87(D < 13 Mpc) and
the whole catalogue. This is in agreement with the similar conclusion about
the stability of the mass distribution with respect to the limit in distance.
It seems better to accept the presence of a bias in the mass and to have the
same distance limit for all the catalogues instead of reducing this limit and
so losing statistical resolution and the opportunity to compare the nearby
fractions of different catalogues.

3.3.2 Analysis of groups physical parameters

Considering only groups within 20 Mpc, it is possible to reduce below the
95% significance level the observational bias and still have a large fraction
of the whole catalogue, namely Ny, (D < 20 Mpc) = 113 with Ny, (D <
20 Mpc, Lpae > 0) = 110 and Nups(D < 20 Mpe, L > 0) = 35. The
volume occupied by T87(D < 20 Mpc) is

Vrer(p<a0 Mpe) = 2.3 - 10* Mpc? (3.16)
and the average number density of observed groups is:

pPIT87(D < 20 Mpe)] = 5.0 - 107> Mpc™. (3.17)

In Tab. A.20 the main statistical values of T87(D < 20 Mpc) are listed,
while Tab. A.24 indicates the stability of group parameter distributions
between T'87 and the nearby fraction. From the values of S it is possible to
deduce that the observational bias, although non-negligible, does not affect
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significantly the statistical properties of the T'87 groups. For this reason
the results of the analysis in the case of the whole T'87 will also be reported.

In Tab. A.23 the results of the pairwise KS comparison between dif-
ferent mass estimator distributions are reported. No significant difference
is indicated, except for the case of the average mass My, that shows a
significantly different behaviour, but is of little relevance as already ex-
plained (see page 42). The group mass distribution has the same statistical
properties independent of which estimator is used, in agreement with the
results obtained in the other catalogues. This conclusion also holds for the
whole T'87. The comparison between the virial mass My, and the pro-
jected mass M p® distributions is shown in fig. 3.18. Applying the KW test
to the distributions of all mass estimators I obtained for T87(D < 20 Mpc)
a significance S = 0.08, while excluding the average mass the significance is
S = 0.68. In the case of T'87 I have S = 0.008 for all five mass estimators,
while S = 0.57 if the average mass is excluded. This confirms the results
obtained using the KS pairwise comparison and indicates that, except for
the average mass, the set of mass estimators has the same underlying dis-
tribution. A second relevant test concerns the evolutionary state of groups.
By use of the method described in §1.4.7 and assuming Q = 0.2, I checked
the hypothesis of virialization of the T'87 groups. The results indicate that a
large fraction of groups are undergoing dynamical evolution. In fact ~ 80%
of the T'87(D < 20 Mpc) groups have 7 < 3.7 = 9.42 and hence are falling
in the unrelaxed region of the a(r) curve. As a consequence of this fact
the distribution of mass corrected for dynamical evolution N (M) is sig-
nificantly different from the observed distribution M,,(M) (see fig. 3.19).
This is due to the distribution of «, in fact the median value is 0.313:32, cor-
respondingly the median of the correction factor i for the mass is 1.60152.

It is interesting to note also that the first and third quartiles of the
correction factor are respectively 1.23 and 2.33. This means that 75%
of the T'87 groups have their mass increased by a factor > 1.23. Then
it is clear that the effect of the correction is not negligible. The same
conclusion is reached for T87(D < 20 Mpc): the mass corrected for the non-
virialization effect is significantly larger than the observed value computed
on the assumption that groups are virialized. The main statistical values of
the distribution of the corrected mass, o, 7 and g are listed in Tabs. A.25
and A.26 and illustrated in figs. 3.20 and 3.21. A different situation is
produced by assuming 2 = 1. In this case we again have that a large
fraction of groups is in the pre-virialization phase, but p is smaller than
that obtained in the Q = 0.2 case. In fact, comparing the observed and

Tully (1987b) advises to use fp = 20/ instead of 32/ (see eq. 1.137) in the expression
of the projected mass estimator. However He also point out that the virial and projected
mass estimators show differences quite small relative to their uncertainties. Hence I pre-
ferred to use the same expression for the projected mass estimators for all catalogues.
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Figure 3.18: The KS comparison between the virial mass My, (solid line)
and the projected mass Mp (long-dashed line) distributions for the T'87
groups.
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Figure 3.19: The KS comparison between the observed (long-dashed line)

and evolutionary corrected (solid line) mass distributions of the T'87 groups
for 0 =0.2.
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Figure 3.21: The curve a(r) for the T'87 groups for 2 = 0.2.

corrected mass distributions assuming 2 = 1 for the T'87 groups, the KS
test gives a significance value § < 107%. Running the same test for the
T87(D < 20 Mpc) groups, L obtained § < 1072 in agreement with the result
for @ = 0.2. In any case if we compare the corrected mass distributions
obtained for T'87 using 0.2 and 1 for  we obtain § = 0.39. The same
comparison for T87(D < 20 Mpc) gives § = 0.44, indicating in both cases
no significant difference. On the other hand, for 7, a and p the difference is
significant for both T'87 and its nearby fraction. These results are reported
in Tab. A.28. It seems that the extent of the evolutionary correction relative
to the observed mass distribution is dependent on the value assumed for
), but the corrected distribution is insensitive to the value of {2. For this
reason I consider only N, (M) for Q = 0.2 as for the other catalogues.

3.3.3 A test of the procedure to recover faint distant
groups

I considered the following test in order to determine the reliability of the
procedure to recover low luminosity groups that might be missed by the
observations in a magnitude complete galaxy sample. Let us take T87(D <
20 Mpc) and the claimed completeness of the galaxy sample with the limit
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Figure 3.22: The BY magnitude distribution for the T'87 galaxies.

BY < m, = 12. This value is poorly determined as appears from fig. 3.22,
and in fact the author himself suggested a value of m, = 12.5 in a paper
published in 1988 (Tully 1988) about the luminosity function of the NGB
catalogue. Both values of m, are considered here.

Now it is reasonable to ask what mass distribution Na(b':‘)(M) we would
observe in the case that only the galaxies brighter than m. were present in
the groups or, in other words, what we would have as the mass distribution
if only the complete fraction of the galaxy sample were considered. Using
the KS test we can compare N+ (M) with N,(M) for each mass esti-
mator. The results are reported in Tab. A.29 and shown in fig. 3.23 for the
virial mass My,. Note that the number of groups surviving the m, = 12
cutoff is Nc(,;f) = 40, and Nﬁ;f's) = 54. From the results of Tab. A.29 it is
possible to see that only My, and My, are stable against the exclusion of
faint galaxies. The other estimators show quite a strong sensitivity to the
value of m.(7) and hence to the presence of faint galaxies. It is now possible
to apply the procedure to recover lost groups to N&T’)(M) in order to test
the effect of the correction relative to the observed distribution A, (M).

To this aim we need a model for the spatial distribution of groups within

"Nearly the same conclusion holds if the whole T'87 is considered.
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Figure 3.23: The KS comparison between the observed mass distribution
Nops(M (solid line) and the distribution N M) (long-dashed line) ob-
tained excluding faint members of T'87 groups for My, and m. = 12 (up-
per) and m, = 12.5 (lower).
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the considered volume (D < 20 Mpc). This information comes from the
distribution of T'87(D < 20 Mpc) groups that can be described by the
empirical law:

n(D) = no - arctan [(-DD—)] : (3.18)

0

where n(D) is the fraction of groups lying within a distance D from us,
Dy = 20 Mpc and v = 2 are parameters obtained from fitting the observed
distribution and shown in fig. 3.24. Using this relation we can estimate the
number of groups that should be present within D, = 20 Mpc but that are
missed because of the limit in magnitude at m.. For the j** group with
visibility distance Dg") (7) < D, the total estimated number of such groups

is:
pr(Ds)

pul D9
Therefore we can estimate the corrected mass distribution N{™)(M) by
spreading the Nest( ) values of the group mass around the value of the mass
observed for the j** group following the same procedure described in §3.2.4.
Let us first compare N{™)(M) with N{")(M) in order to see the effect
of the correction relative to the complete-sample distribution. The values-
of the significance of the KS test for various mass estimators are reported
in Tab. A.30. It is possible to say that the recovery procedure is quite
effective in estimating the total number of groups for both values of m,,
in fact 3°; Negt(j,me = 12) = 119 and ¥; Newt(j, m. = 12.5) = 110. When
comparing the real observed mass distribution My, (M) with the estimated
distribution N(™:)(M) corrected for faint distant groups, a good agreement
is found for My, and Mp, while a marginal agreement is shown by M.
and M 4, on the assumption that m, = 12.5. On the other hand, if m, = 12,
only My, shows a marginal agreement, while for all other estimators the
agreement is not good. In other words, the real distribution MN,,(M) is
fairly estimated only for the most stable mass estimator in particular My,
and only in the case of m, = 12.5 (see Tab. A.31 and fig. 3.25). The
procedure gives a reliable estimate of the real distribution only in the case
that the magnitude limit is deep enough so that the fraction of members
that are lost is not so high as to significantly alter the distribution of the
most sensitive mass estimators such as Mp. This can also be explained by
noting that a low value of the completeness limit leads to a distribution in
N..:(7) that is strongly peaked around the value of the group having the
smallest D(") In the case that the value of the mass of the group with a
high value of Nest(7) is far enough from the median of the sample mass, the
corrected distribution will be significantly altered by this high value of the
weight N, relative to the observed distribution. If, on the the other hand,
the value of m. is deep enough, then the highest value of N.,(7) is not so

Neow(j) = (3.19)
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Figure 3.24: The spatial distribution of the T87(D < 20 Mpc) groups.
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Figure 3.25: The KS comparison between the observed mass distribution
Nops(M) (solid line) and the distribution obtained from the faint distant
groups recovery procedure N{™)(M) for My, and the T87(D < 20 Mpc)

groups.
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large and the correction to the magnitude-complete observed distribution of
group mass is not significantly altered. In general, the value of N, depends
more strongly on the visibility distance Dg") rather than on the law assumed
for p,(D) or n(D). It might also be argued that a high value of N., for a
group having a mass smaller than the sample median may recover the low-
mass tail of the real distribution, but the rather weak though significant
correlation between the mass and total luminosity does not support this
point of view.

In conclusion it is possible to say that the method discussed here is
likely to work reliably as long as the magnitude limit is deep enough. If
the completeness limit m. is unknown, a good indication of the reliability
of the corrected distribution may be obtained by analysing the stability of
mass distributions relative to the inclusion or exclusion of galaxies fainter
than m.. On the other hand, the good stability shown by My, offers a
good way out of the problem, avoiding assumptions about m. and n(D).

3.3.4 Summary

The main results obtained for the T'87 groups are:

e a significant bias is present in the observed properties of groups and
can be reduced (to an acceptable level) by considering only groups
within 20 Mpc. However the effect of the bias is very weak because
of the fact that the mass distribution of groups results quite stable
with respect to the limit in distance for various values of this limit;

o the observed mass distribution is independent of the estimator used,
in agreement with the results of other catalogues, so that all the
considered mass estimators give homogeneous mass distributions;

e nearly 90% of groups do not satisfy the virialization condition but are
in a regime of strong dynamical evolution preceding virial equilibrium;
the correction accounting for the unrelaxed dynamical state of groups
significantly alters the mass distribution independent of the value
assumed for (;

e a test of the procedure to recover groups missed by observations
because of their low luminosity seems to indicate that, assuming
m,. = 12.5 as the completeness limit for the galaxy sample, the pro-
cedure works quite well.
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3.4 Analysis of V84 groups

3.4.1 Generalities

This is a quite rich catalogue and the characteristics of the galaxy sam-
ple from which it is obtained are described in §2.6. The supergalactic
coordinate map is shown in figs. 3.26 and 3.27. The solid angle covered by
V84 amounts to Aygs = 4.51 sterad roughly estimated by the («,§) map
(fig. 3.27) and corresponding to ~ 36% of the whole sky. The depth of V84
is similar to T87: D, < 32 Mpe,

The volume spanned is then:

Vves = 4.9 -10* Mpc® (3.20)

and the average number density of observed groups is:

API(V84) = 2.2-107° Mpc™>. (3.21)

The main parameters of groups and their statistically relevant values
are listed in Tabs. A.32 and A.33. :

Here the luminosity-weighted quantities are missing since the value of
the magnitude is not available for each group member®. Moreover, the
galaxy sample is not complete. From fig. 3.28 it is possible to notice that
the logarithm of the counts deviates from a straight line (corresponding to a
complete sample) near Br ~ 12, but this value is not very well determined.
For this reason the corrections applied in the case of GH83 are not possible
for V84. An idea of the observational bias is obtained by considering the
correlation of the main parameters and the distance. The Spearman corre-
lation coeflicients 7 and their significance S are reported in Tab. A.34. It
is important to notice the value of r for the pair (log(L,),D,): r = 0.43
and its significance S = 2.1-107° that indicates a strong bias with distance
(see fig. 3.29). In agreement with the procedure adopted in the previous
analysis, if I consider only groups within 20 M pc from us the former values
of r and S are reduced to: » = 0.21 and S = .055 which are within an ac-
ceptable range, although the correlation is still marginally significant. The
stability of the mass estimators and of other physical parameters relative to
the distance limit is rather strong as is indicated by the results in Tab. A.39.
The correlation of the mass My, with distance is reduced by the limit in
distance, but is still significant. The same holds for the virial radius, while
for the velocity dispersion the correlation is weakly significant in the nearby
fraction of the catalogue. On the other hand, if I consider a smaller volume

8Recall that in V84 galactic magnitudes are in the Bp system and without correction
for absorbtion, so that the suitable conversion factors are to be used in order to compare
the quoted luminosities with other catalogues.
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Figure 3.26: .The V84 map in the supergalactic coordinate frame (part 1);
the values of the coordinates are given in Mpec.
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Figure 3.27: The V84 group coordinate maps (part 2). Upper graph: posi-
tions in the supergalactic coordinate frame in units of Mpc. Lower graph:
the (e, §) map in units of rad.
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Figure 3.28: The By magnitude distribution for the V84 galaxies.

as for example D < 15 Mpc the available number of groups decreases to 58,
the bias is more effectively reduced but I would lose nearly one half of V84
and no significant difference occurs between the parameter distributions of
groups within 20 Mpc and 15 Mpc. No significant difference is found be-
tween the distributions of main parameters comparing the whole V84 and
V84(D < 15 Mpc), hence the stability of the parameters relative to the
limit in distance is rather strong and the effect of the observational bias
can be considered weak to a good level of significance. As is concluded in
the analysis of the T'87 groups, the limit at 20 Mpc is a good compromise
among the necessity to reduce the bias, to have a rich nearby fraction of the
catalogue and the opportunity to compare the nearby fractions of different
catalogues.

3.4.2 Analysis of groups physical parameters

The values of group parameters and correlations for the nearby fraction of
V84 (hereafter V84(D < 20 Mpc)) are listed in Tabs. A.36, A.37 and A.35.

The volume spanned is then:
Vveap<z0 Mpe) = 1.2 - 10* Mpc® (3.22)

and the average number density of observed groups is:
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Figure 3.29: The group luminosity versus distance for the V84 groups.

pff’b’)[VS‘l(D <20 Mpc)] =6.8- 1072 Mpc™2. (3.23)

The number of groups in V84(D < 20 Mpc) is, in fact, 82: a large
fraction of the whole catalogue. For this reason it is unlikely that the
distributions of the parameters of groups in V84 and V84(D < 20 Mpc)
are very different. In fact this is confirmed by a KS analysis (see Tab. A.39).

A first crucial point is the dependence of the observed distribution on
the particular mass estimator. Again the KS analysis confirms with good
statistical significance the irrelevance of the choice of the estimator. The
result of this test on both V84 and V84(D < 20 Mpc) is reported in
Tab. A.38. It appears clearly that in every case S is larger than any critical
level (i.e., 0.01, 0.05, 0.10), leading to the conclusion that no evidence of
variation exists between each pair of distributions. The KS comparison
between the virial mass My, and the projected mass Mp is shown in
fig. 3.30. It is worth noting that the smallest values of S are obtained when
one of the members of the pair is M 4, indicating that this is probably less
reliable than other estimators. The same conclusion is reached on applying
the KW test. In fact, for the whole V84 the KW significance is § = 0.49 and
for V84(D < 20 Mpc) S = 0.58. These values indicate that the hypothesis
that all mass estimators have the same underlying distribution is true.
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Analysis of the data and discussion of the results 101

The unweighted virial mass My, is taken as representative, and this
is the particular mass estimator I refer to when considering the mass of
groups in general.

For the sake of completeness I applied the same test to the fully corrected
velocity dispersion ¢, and the observed velocity dispersion V,,. The conclu-
sion is again that no significant difference exists between these estimators
either in the V84 or in the V84(D < 20 Mpc) groups. The significance of
the KS test is S = 1.00 for both V84 and V84(D < 20 Mpc).

I applied to V84(D < Mpc) the test concerning the correction to the
virial mass due to the non-stationary dynamical state of groups. Compar-
ing in the usual way the observed and evolutionary-corrected mass distri-
butions it results that there exists a non-negligible difference between the
two distributions as is shown in fig 3.31. The significance of the difference
is § = 0.04 for V84(D < 20 Mpc) and S = 0.04 for the whole of V84 (see
Tabs. A.42). The median value with 99% confidence limits of log(My.)
is 12.501288 for V84(D < 20 Mpc) and 12.59127% for V84. The statistical
features of other parameter distributions are reported in Tabs. A.40 and
A.41. From the positions occupied by groups on the a(7) curve and the
distribution of 7 (see figs. 3.32 and 3.33) it appears that only a few of them
are in the virialized regime, while approximately 95% of the groups (con-
sidering the whole catalogue) are undergoing dynamical evolution and have
T < 3.

These results are obtained with {2 = 0.2, but comparing to what is found
for ) = 1 I obtained no relevant change in the results for the mass distri-
bution (see Tab. A.43). It is then more correct to refer to the evolutionary-
corrected mass distribution since it seems that the hypothesis of stationary
state is not satisfied, at least for these groups.

In the case of V84 the lack of completeness in magnitude does not allow
us to perform the correction for lost groups as was done for GH83. In effect
I tried to obtain a fictitious sample complete in magnitude by excluding
from V84 all the galaxies with unknown or too weak magnitude, taking a
limit from visual inspection of fig. 3.28 at m. = 12 or 12.5. Then I applied
the correction in the way described for GH83, but the results showed that
the distribution estimated by this correction is close to the initial one and
that it is close to the original uncleaned catalogue distribution as long as
the clearing procedure does not alter significantly the distribution of the
mass. In conclusion, it is more correct to consider the original uncleaned
catalogue instead of introducing other assumptions which are not tested
and which do not appreciably improve the resulting information.

3.4.3 Summary
About V84 groups it is possible to say:
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Figure 3.33: The curve a(r) for the V84 groups for {2 = 0.2.

e the catalogue is affected by observational bias, but limiting the anal-
ysis out to 20 Mpc from us reduces this bias to an acceptable level; in
any case for all parameter distributions no difference is found between
the nearby fraction and the whole catalogue;

e the observed mass distribution seems to show no sensitivity to the
particular estimator used, so it is possible to say that all mass esti-
mators are homogeneous;

e the assumption of stationariness in the dynamics of groups seems
not to be verified by approximately 95% of the examined groups, in
fact the dynamical state of these groups lies in a range characterized
by strong evolution, consequently the mass distribution corrected in
order to account for non-virialization significantly differs from the
observed one; this result holds for two different values of (1.

3.5 Analysis of RGH89 groups

I report here the results obtained from the analysis of RGH89 groups.
This catalogue comprises Ny, = 49 groups of the first slice of the whole
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Ramella et al. (1989) catalogue. They are distributed out to quite a large
distance (Dyee = 113 Mpc). The supergalactic coordinate map and the
(a,6) map are shown in figs. 3.34 and 3.35, covering a solid angle Argrse =
0.16 sterad corresponding to 1% of the whole sky. The volume spanned is
then:

Vrerso = 7.5 - 10* Mpc® (3.24)

and the average number density of observed groups is:

P (RGHS9) = 6.5-107* Mpc™>. (3.25)

The original slice contained 72 groups, but some of these were quite close
to the border of the surveyed area and so, in order to avoid groups with real
members beyond the slice limits, I removed them from the catalogue. In
any case the results discussed here do not change significantly if the whole
set, including border-line groups, is considered.

From Tab. A.46 it seems that a strong observational bias affects this
catalogue: some of the main group parameters such as M, L,, etc. are
correlated with distance from us (see fig. 3.36). Because of the high value
of the minimum distance D,,;, = 32 Mpc and the small value of N,, it
is useless to consider a distance cut D, in order to reduce this bias, so
the whole catalogue is considered with this warning in mind. The main
statistical values of group parameters are listed in Tabs. A.44 and A.45.
The most relevant correlations between these parameters are reported in
Tab. A.46.

Since the morphological types T' of the member galaxies are not avail-
able, I can consider only the case w = 1 in the luminosity-weighted param-
eters. For this reason no morphological segregation can be tested.

The main result of the analysis is the stability of the mass distribution
for different choices of the estimator to a high level of significance. This
result is obtained by comparing pairwise the mass distributions of different
estimators. The significance of the KS test statistics is listed in Tab. A.47
for all pairs and in fig. 3.40 for a particular pair. The conclusion of the KS
pairwise test is confirmed by the result of the Kruskal-Wallis (KW) test
Skw = 0.90 which indicates that all the mass estimators are drawn from
the same parent distribution.

It was argued by Ramella et al. (1989) that nearly 30% of groups having
3 or 4 members are probably an accidental superposition of galaxies due to
the geometry of the large scale structure. It is possible to account for this
information by using a bootstrap technique to resample the observed groups
and rejecting 30% of the groups which have less than 5 members. We can
obtain this resampling if groups with more than 4 members are labelled
with a weight w, = 1, and the remaining groups have w, = 2/3. For each
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Figure 3.34: The RGH89 map in the supergalactic coordinate frame (part
1); the values of the coordinates are given in Mpc.
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Figure 3.35: The RGH89 group coordinate maps (part 2). Upper graph:
positions in the supergalactic coordinate frame in units of Mpc. Lower
graph: the («,§) map in units of rad.
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resampled set of groups the KS test can show how much the resampled mass
distribution A(M) differs from the original one Ny (M). Performing
this procedure a sufficient number of times to reach stable conclusions,
say 10® or 10* times, it is possible to have an idea of the relevance of
accidental superpositions on the mass distribution, on the assumption that
the initial hypothesis is correct. Applying this procedure the following
results are obtained: for every mass estimator the KS test gives a significant
(5 < 0.05) difference with a frequency fo.0s < 0.1%. This result is confirmed
by several runs of the procedure and for several recipes for the resampling
weights w,. It seems that, if this procedure is correct, then the presence of
unphysical groups due to accidental superpositions has a negligible effect
on the observed mass distribution for every mass estimator.

The RGHS89 groups seem to show a distribution of My, which is insen-
sitive to the correction of the mass accounting for the possible unrelaxed
dynamical state of groups. This is due to the particular distribution of «
and 7 (see figs. 3.37 and 3.38). Only a small fraction of groups is in the
virialized regime, as is indicated by the median value of 7 = 5.73 which is
smaller than the lower limit 3 - 7 of the virialized dynamical regime. The
median value of « is 0.47 and so the median correction factor for the virial
mass is close to 1 (see Tab. A.49). It is then reasonable that the observed
and corrected distributions of My, do not differ significantly, in fact the KS
comparison between these distributions gives S = 0.96 for Q = 0.2 so that
the difference is not significant. The same test between the observed mass
distribution and that obtained when correcting for evolutionary effects as-
suming {3 = 1 gives § = 0.86. In fact the distributions of the corrected
virial mass, the dynamical state r, the virial a and the correction factor pu
are not sensitive to the adopted value of ), as is shown by the high sig-
nificance of KS statistics obtained on comparing the distributions of these
parameters for the two values of ( (see Tab. A.50).

Concluding this section I stress that:

e RGHS89 groups are affected by a strong observational bias which is
very difficult to remove or reduce;

e no significant difference seems to exist between the mass distribu-
tions obtained using different estimators, i.e., all mass estimators are
homogeneous;

e approximately 90% of these groups are undergoing dynamical evo-
lution and have not yet reached virial equilibrium. Nevertheless,
the particular distribution of the correction factor accounting for
non-virialization does not significantly alter the mass distribution of
groups.
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Figure 3.37: The distributions of the dynamical state T (upper) and of the
virial a (lower) for the RGH89 groups in the case { = 0.2.
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Figure 3.38: The curve o(r) for the RGHB89 groups in the case ) = 0.2.

3.6 Analysis of S89 groups

This catalogue originally contained 87 groups. Since the observational
error of the red-shift for member galaxies is not available, an indicative
value of AV =25 Km/s is assumed for all members. This corresponds to
the median value of the red-shift uncertainty for GH83. As a consequence
of AV > 0 some of the S89 groups have o2 < 0 and are then excluded from
the analysis. The number of such groups is quite small, only 3, and so the
properties of groups are not affected by this assumption, and a non-zero
value for AV does seem reasonable.

The 589 groups cover a solid angle Agsgg = 1.74 sterad corresponding
to 14% of the whole sky. The volume spanned is then:

Vsag = 3.0 - 10° Mpc® (3.26)
and the average number density of observed groups is:

p*)(589) = 2.8-107* Mpc™2. (3.27)

The positions of these groups in supergalactic and («, §) coordinate frames
are shown in figs. 3.41 and 3.42.
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Figure 3.42: The 589 group coordinate maps (part 2). Upper graph: posi-
tions in the supergalactic coordinate frame in units of Mpc. Lower graph:
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Since for some of the member galaxies the magnitude is not available,
the quoted values of L,;, Lmin, Lmasz and Myy/L,, refer only to groups
having at least one member with known luminosity, namely to Nops(Lmaz >
0) = 83 groups. These quantities are marked by () in all the tables of
results. :

The original galaxy sample of the 589 catalogue is complete in diameter,
and only about 10% of the sample galaxies were lacking radial velocity
measurements (Maia et al. 1989). This completeness is not easily translated
into magnitude.

From fig. 3.43 it seems that a possible value for the completeness limit
m, is 12 or 12.5. If we take m, = 12.5 and exclude all the fainter galaxies
in the $89 groups, only nine groups survive and two of them lie beyond
20 Mpc from us. So the magnitude complete sample is too poor for a sta-
tistical analysis. All luminosity-weighted parameters are then ignored and
no recovering of faint distant groups is possible. On the other hand 589 is
quite a rich catalogue and can give us information about the mass distribu-.
tion of southern groups which can be compared with the GH83 and RGH89
groups obtained with the same GIA, but with different search parameters in
the case of RGH89. Maia et al. (1989) stressed that although the galaxy
sample of S89 is different from GHS83, the resulting group properties are
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Figure 3.44: The group luminosity versus distance for the S89 catalogue.

similar and can be compared.

The general features of the S89 groups are indicated in Tabs. A.51 and
A.52, while Tab. A.53 reports the correlations between the main parame-
ters. It is possible to notice that the high value of rllog(L,g), Dy| = 0.47
with § = 1.5 -10~° suggests the presence of a non-negligible observational
bias (see fig. 3.44).

If we consider the subcatalogue of groups within 20 Mpc from us,
589(D < 20 Mpc), the correlation is significantly reduced: r{log(L.g), D, =
0.25 with S = 0.23, but only 25 groups satisfy the constraint on the dis-
tance. A strong reduction is also shown by the correlation between the
mass and the distance. The 20 Mpc limit effectively reduces the obser-
vational biases for the main parameters below the significant values. The
parameters of S89(D < 20 Mpc) are described in Tabs. A.55 and A.56,
and the correlations in Tab. A.57. The effect of the observational bias
on the mass distribution is not significant indeed the KS comparison of
the distribution of each mass estimator among S89(D < 20 Mpc), 589
and 589(D > 20 Mpc) gives no evidence for significant differences (see
Tab. A.54 and fig. 3.45). In other words, the mass distribution shows good
stability relative to the observational bias. For this reason the results of
the analysis are reported for both S89 and the nearby subcatalogue. The
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Figure 3.45: The KS comparison between the mass distribution of the
groups of the whole 589 (solid line) and its nearby fraction (long-dashed
line) for My,.
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volume spanned by the nearby portion of S89 is then:
Vsso(D<20 Mpe) = 4.6 - 10® Mpc® (3.28)

and the average number density of observed groups is:

pi)[S89(D < 20 Mpc)] = 5.4-107* Mpc™>. (3.29)

A first result concerns the comparison among various mass estimators.
As is reported in Tab. A.58, in no case does the KS test give evidence of
significant differences between different estimators. The only significant
(S = 0.04) difference is found between Mp and M4,, but the value of S
is quite close to the critical value and the average mass estimator deserves
little attention since, as already discussed, it has no physical grounds, but
is defined as an extension of the expression giving Mp (see page 42). This
holds for both S89 and its nearby fraction. The graph shown in fig. 3.46
gives a visual idea of the numerical results of Tab. A.58. The hypothesis
that all mass estimators share the same underlying distribution can be
tested by the KW test. The resulting significance is S = 0.11 for 589
and § = 0.78 for S89(D < 20 Mpc). This means that the hypothesis
is true in both cases. A second test concerns the dynamical state of the
groups. Using the method described in §1.4.7, I obtained the results shown
in Tabs. A.59 and A.60. The curve o(r) and the distribution of 7 and
o are shown in figs. 3.47 and 3.48. These indicate that a large fraction
(~ 90%) of groups fall in the region 7 < 3 -7 and so are still undergoing
dynamical evolution. In any case the value of the mass correction factor
i is distributed in such a way that the mass is not significantly altered by
this correction (see fig. 3.49), except for the case 0 = 1.0 (see Tab. A.61).
However, the corrected mass distribution A,(M) does not depend on .
This result holds for both 589 and $89(D < 20 Mpc) (see Tab. A.62). The
lack of dependence on Q is shared by «, 7 and p. Due to the stability of
N (M), the value of 2 = 0.2 is retained as reference value, for consistency
with the analysis of other catalogues.

Summarizing the results about S89 groups, it is possible to say that:

e a non-negligible bias affects the catalogue, but can be reduced to a
negligible level by limiting the analysis to groups within 20 Mpc from
us; in any case it seems that the mass distribution is not strongly
affected by the bias;

e no significant dependence is found for the mass distribution on the
estimator used: all mass estimators are homogeneous;

e approximately 90% of the groups are undergoing dynamical evolu-
tion and hence do not satisfy the virialization condition. Howerver,
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Figure 3.48: The curve a(r) for the 589 groups in the case (2 = 0.2.

the mass distribution is not significantly altered by the correction
accounting for the non-virialization, which is due to the particular
distribution of the correction factor.

3.7 Comparison among catalogues

In this section I want to compare the distributions of the main physical
parameters of groups observed in different catalogues, and to analyse the
features they share and those that distinguish them. The analysis is carried
out considering both the whole catalogues and their nearby portions. This
is because of the presence of non-negligible biases which in some cases are
significantly reduced if only groups within 20 Mpc from us are considered.
The largest unbiased portion of each catalogue is also considered. This is
defined by the subcatalogues of groups within the largest limiting distance
from us which show no significant correlation of the main physical parame-
ters (such as the mass, velocity dispersion and virial radius) with distance.
Fortunately, as will be seen from the results, the presence of this bias does
not alter the main conclusions.

On the basis of the information available from the observations, the
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(long-dashed) and evolutionary corrected (solid) mass distribution of the
589 groups for & = 0.2.
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estimation of physical parameters of groups of galaxies is described. In
particular the hypotheses underlying the derivation of the mass estima-
tors are stressed. One of these hypotheses concerns the dynamical state of
groups. It is generally assumed in the literature that these galaxy systems
have reached a steady state called virial equilibrium. It is here verified, by
adopting a method described by Giuricin et al. (1988), that nearly all the
groups in all catalogues are in a phase characterized by strong dynamical
evolution. They do not satisfy one of the basic assumptions of the virial
theorem, in that they are rather dynamically young galaxy systems. Due
to this result, a suitable correction for the mass of groups is introduced to
account for the non-virialized dynamical state. Only three of the consid-
ered catalogues show a mass distribution not significantly altered by this
correction: GH83, 589 and RGH89, while both T'87 and V84 do show a
significant effect of the correction on the mass distribution.

For one of the catalogues (G H83) within 20 Mpc from us, it is possible
to recover the contribution to the mass distribution due to faint and dis-
tant groups missed by the observations. Adopting a reasonable model for
the space distribution of groups, the observed mass distribution of groups
turns out to be well representative of the total mass distribution of groups
accounting also for faint distant objects. The same stability is found for
different models of the local spatial distribution of groups.

Let me consider first the mass distributions N.(M) corrected for non-
virialization for all the five catalogues. The main statistical quantities rel-
ative to these distributions are summarized in Tab A.63 (°). Applying the
Kruskal-Wallis test to the set C = {GH83, T87, RGH89, S89, V84} I
obtain a significance § = 4-107%%(1?). This value indicates that the masses
of groups in these catalogues do not share the same underlying (or parent)
distribution. In other words the set C is not homogeneous with respect to
the mass distribution. The same conclusion holds if I consider the observed
mass distribution, i.e., not corrected for the non-virialized dynamical state.
In this case the KW test gives § = 2-107%° suggesting that the correc-
tion for non-virialization does not alter the inhomogeneity of catalogues. In
fig. 3.50 the mass distribution for all the catalogues is shown: the difference
among them 1s quite clear. If I exclude from C the V84 groups, the KW
test gives S = 3.2-107!7 and the set is still significantly inhomogeneous. If
I exclude the groups of T'87 and retain those of V84, I have S = 6107
and again the set is inhomogeneous. Homogeneity is obtained by excluding

°In this table the last two columns list the values of the first Q1 and third Q3 quartiles
of the distributions, defined respectively by: A(Q) = 0.25 and N (Q3) = 0.75.

10Usually, the hypothesis tested is rejected as false in the case that the significance S
is smaller than a critical value, otherwise the hypothesis is considered true. The most
commonly used critical value for tests of this kind is S, = 0.05 corresponding to a level of
statistical confidence of 95%, other critical values are 0.01 and 0.10.
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Figure 3.50: The mass distribution function of all catalogues: GHS83

(solid), 589 (dashed), RGH89 (short-dashed), T87 (long-dashed) and V84
(dot-dashed).




Analysis of the data and discussion of the results 126

both the T'87 and V84 groups from the set C. In fact in this case the KW
test gives S = 0.20, which is well above all critical values. This means
that groups in the catalogues of the set C;,; = {GH83, $89, RGH39}
have masses with the same underlying distribution, or, in other words, Cy, ;.
forms a homogeneous set of catalogues (based on the friends-of-friends iden-
tification algorithm) relative to the mass distribution of groups of galaxies.
The striking fact is that the catalogues of this set share little or no volume
of space, have been obtained from different galaxy samples. Their common
property is the group identification algorithm (GIA) although in the case of
RGHBS9 the search parameters are different from both GH83 and 589. On
the other hand, GH83 and 589 are obtained from rather different galaxy
samples (Maia et al. 1989). In fact this might explain the significant dif-
ference found by the KS-test pairwise comparison, but, in any case, the
difference between GH83 and 589 is not strong enough to compromise the
homogeneity of C¢, ;. Moreover comparing N,(M) between the T'87 and
V84 groups by the KS test one obtains a significant difference (5 < 107%).
This can be interpreted by observing that, although a hierarchical cluster-
ing procedure is adopted to obtain both catalogues, the criterion to identify
groups in the two catalogues are different. In the case of T'87 the groups are
systems of galaxies with luminosity density exceeding a critical value, while
in V84 the number density is used instead of luminosity density. However,
it is not possible to exclude the possibility that other properties of these
catalogues contribute significantly to cause the difference between the group
parameters of 787 and V' 84. Moreover the KS comparison between these
two catalogues cannot be confirmed by the KW test since only two cata-
logues which are not in the C;, ;. are available'!. This conclusion, reached
using the KW test, is confirmed by the pairwise comparison using the KS
test (see Tab. A.64). The relevance of the observational bias relative to the
inhomogeneity of the catalogues is likely to be negligible-indeed the results
do not change significantly if only the region of space within 20 Mpc from
us is considered (see also fig. 3.51). On the other hand it is possible to note
that the limit at 20 Mpc effectively reduces the bias of the mass, velocity
dispersion and virial radius only for GH83 and 589, while a residual and
non-negligible correlation of these parameters with distance is also present
in the nearby fraction of the T'87 and V84 catalogues. In order to test the
role of the bias for the inhomogeneity of catalogues, I allow the distance
limit to change for different catalogues. I considered the value of the dis-
tance limit D, which defines the richest nearby fraction of each catalogue
free of correlation between the mass and the distance from us. I obtained,

1 The Kruskal-Wallis (KW) test is a proper tool in the case of three or more distribu-
tions. If only two distributions are available, the KS test is more appropriate (Ledermann,
1982).
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Figure 3.51: The mass distribution for groups within 20 Mpc. The various

catalogues by: GHB83 (solid), 589 (short-dashed), T'87 (dashed) and V84
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Figure 3.52: The mass distribution for the bias-free subcatalogues. The
various catalogues are indicated in the same way as in fig. 3.51.

in this way, a subset of bias-free fraction of catalogues: Cyy = {GH83(D <
30 Mpc), T87(D < 13 Mpc), S89(D < 30 Mpc), V84(D < 15 Mpc).
The mass distributions for these subcatalogues are shown in fig. 3.52. The
KW test applied to this set gives S = 9-102° and so the inhomogeneity is
still present. Using the KS test it is possible to compare the mass distribu-
tions of groups in the bias-free fractions of GH83 and 589, and in fact no
significant difference is found, in agreement with the result obtained from
the KW test. A further test is performed between the groups of GH83 and
T'87 considering only the volume within 20 M pc from us and the solid angle
shared by both catalogues. This allows me to compare the properties of the
two catalogues in the same region of physical space. The result I obtained
is a significant difference between the two mass distributions. This prob-
ably means that the two catalogues sample that region of space in rather
different ways. It is possible to conclude that the observational bias has
very little or no relevance for the detected inhomogeneity of the set of cat-
alogues (at least for the mass distribution). Moreover for every catalogue
the mass distributions of groups within 20 Mpc and in the richest bias-free
fraction of the catalogue are not significantly different. These results seem
to indicate that the inhomogeneity is stronger than the observational bias.
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The homogeneity property of different catalogues relative to the mass
distribution is a consequence of the relation of this distribution to the dis-
tributions of other, more basic, parameters. It is worth analysing the ho-
mogeneity of the catalogues relative to the distributions of the velocity
dispersion ¢, the virial radius Ry,, the crossing time 7y, the dynamical
state 7, the virial a and, for the sake of completeness, of the mean pair-
wise separation R,. It is interesting to note that the complete set C is not
homogeneous for any parameter considered (see Tab. A.64), and this re-
sult also holds if only the region within 20 Mpc from us is considered (see
Tab. A.65). Homogeneity is obtained for all parameters, except R,, by the
set Csoz. Moreover, if we consider only groups within 20 Mpe, only two
catalogues are available GH83 and 589 which have similar distributions for
all parameters including R,. These results are confirmed by the pairwise
comparison using the KS test: Cs,y is a homogeneous set of catalogues,
while T'87 and V84 show parameters distributed in (two) different ways. In
fact no parameters show distributions which are similar in V84 and T87,
except a marginal similarity (S = 0.096) obtained for the crossing time (see
Tab. A.66).

Because of the strong dependence of the mass on the velocity disper-
sion, the distributions of ¢, for all catalogues are shown in fig. 3.53. The
similarity of the behaviour of M and o, is clear.

The conclusion that can be drawn from this analysis is that, although
other factors possibly related to the underlying galaxy samples may play a
non-negligible role, the main property that makes the set of all the studied
catalogues not homogeneous is the GIA adopted to produce the catalogue.
This holds not only when the mass distribution is concerned, but for all
the physical parameters of groups of galaxies. In this sense the results ob-
tained here are stronger than the results obtained by Nolthenius and White
(1987). They considered a set of group catalogues obtained using one GIA,
namely the friends-of-friends algorithm, but with different search parame-
ters. Their results gave inhomogeneous mass distributions. Probably the
fact that in this work no significant difference is detected between group
catalogues obtained with the friends-of-friends algorithm but with different
search parameters, namely GH83 and 589 versus RGH89, is due to the low
number of groups in each catalogue. The relevance of the search parameter
is probably a higher order effect relative to the difference in GIA. This con-
clusion suggests that a new more reliable definition for groups of galaxies,
and hence a new GIA, is necessary in order to overcome the inhomogeneity
of catalogues.
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Summary and Conclusion

The problem of the estimation of the mass distribution of galaxy groups
has been considered. The data base for the analysis of this problem is
obtained from five different catalogues of groups. The main features of
the examined catalogues are considered to be: a) the depth, completeness,
coordinate range and possibly the correction for absorption and systemic
motions of the galaxy sample; b) the procedure adopted in order to iden-
tify groups of galaxies and the values of the parameters used to run this
procedure.

‘The catalogues considered in the present work are different for nearly
all of the main features quoted above.

The main physical parameters of groups are estimated for each cata-
logue. The quantities characterising the statistical properties of these pa-
rameters are reported. Particular attention is paid to the dynamical state -
of these galaxy systems since it is strictly related to the mass estimate. -
Using a general method described by Giuricin et al. (1988), it is found that
for all catalogues a large fraction (~ 90%) of groups is dynamically young
and has not yet reached the virial equilibrium phase. The fact that the
steady dynamical state required by the hypotheses of the virial theorem
is largely unsatisfied by groups has significant consequences only for the
mass distribution of groups in two catalogues: T'87 and V84. In fact, it is
possible to correct the mass by accounting for non-virialization effect. The
observed and evolutionary-corrected mass distributions differ significantly
for the groups of T'87 and V84, while they are quite similar for groups in
RGHB9, S89 and GHB83. It is worth noting that these three catalogues
share the same GIA.

Due to its completeness property, it was possible to apply to the nearby
portion GH83(D < 20 Mpc) a procedure to recover the mass of faint dis-
tant groups. On the basis of a reasonable model for the spatial distribution
of groups within the examined volume, a good agreement is found between
the shape of the mass distributions of observed groups and the distribution
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accounting for observed as well as faint distant groups. The stability of the
shape of the mass distribution against various models for the spatial dis-
tribution of groups is not shared by the estimated total number and total
mass of groups within the examined volume.

Once the corrected mass distributions are obtained for each catalogue,
they can be compared with the use of suitable statistical tools. It results
that the set of five different catalogues considered is significantly inhomo-
geneous relative not only to the mass but also to all the main physical
parameters of groups. In other words, different catalogues contain groups
with significantly different physical properties. A subset of catalogues that
is homogeneous is formed by 589, RGH89 and GH83. These three cat-
alogues share no region of physical space, come from different underlying
galaxy samples, but are produced from the same identification algorithm
(although in the case of RGH89 the search parameters are different from
those used in GH83 and .589). On the other hand, the remaining catalogues
T'87 and V84 are obtained from identification algorithms which differ from
those of all other catalogues. More over, their underlying galaxy samples
are different. As a consequence the masses of their member groups are dif-
ferent, and show no similarity with any of the other catalogues considered.
These results seem to suggest that the property of the catalogues which is
mainly responsible for the inhomogeneity of the groups’ physical parame-
ters is the identification algorithm used to produce the group catalogues,
even though other features of the catalogue may also play a non-negligible
role. Probably a good way to test this point could be to use numerical
simulations of galaxy clustering on sufficiently large scales and to compare
the performance of different group identification algorithms. It would be
interesting to see if the inhomogeneity described in this work persists in the
same sense in numerical simulations.

The effect of the observational bias on the quoted results is also tested.
In particular the analysis is performed on a nearby fraction of each cata-
logue obtained by considering only groups within 20 Mpc from us. The
choice of this value is the best compromise between the requirement of a
large enough number of groups and the need to reduce the observational
bias below significant values. A value of the distance limit common to
all catalogues seems to allow a more meaningful comparison among their
nearby fractions. No change in the main conclusions reported above is ob- -
served if only the nearby fractions of the catalogues are considered. The
distance limit reduces the bias to negligible values for some of the cata-
logues. If the limit is allowed to change from one catalogue to another, it
is possible to define for each catalogue the richest bias-free (nearby) frac-
tion of that catalogue. Also in the case of the set formed by the bias-free
fractions of the catalogues, no change is observed in the main results. It is
then possible to conclude that the inhomogeneity of the catalogues is not
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significantly affected by the observational bias.

A much greater amount of observations is now available relative to the
initial work of Gott and Turner (1977), but a new analysis of the concept
of group is necessary. The presence of the inhomogeneity among different
catalogues suggests the need for the introduction of a (new) definition for
groups of galaxies and hence a (new) group identification algorithm that
allows us to overcome the inhomogeneity of different catalogues. Also for
this problem numerical simulations will probably be of great help.

As far as present day catalogues are concerned, it is possible to ask a) if,
although inhomogeneous, the mass distribution of groups in each catalogue
is in agreement with the Press and Schechter theory; b) what are the Press
and Schechter function parameters M, and n for each catalogue; and finally
c¢) what are the variation of these parameters among different catalogues,
l.e., what is the effect of the inhomogeneity on the values of the fitted
parameters. It is in fact possible that the shapes of the mass distributions
of groups in different catalogues are similar, yielding similar values of n,
while the largest variations affect only M,.

All these problems will hopefully be analysed in the near future. More-
over, this analysis will include another class of galaxy systems, compact
groups. The comparison of open and compact group properties could give
interesting information. The accomplishment of this project would hope-
fully provide observational constraints for both cosmological and astrophys-
ical theories.



Appendix A

Tables of results

This appendix contains the tables which are referred to in chapter 3. They
list the results of the analysis of various group catalogues I have considered.

134



Tables of results

A.l

The GH83 Groups

Table A.1: List of GH83 parameters.

par. min. | max. | mean | st. dev. median
D, 2.46 | 77.68 | 37.39 | 20.06 | 34.872%
D) 7.11 | 87.89 | 50.19 | 19.41 | 50.695%8L
ng 3 23 | 5.57 | 3.57 43
Ny 4. | 80. |20.54 | 13.88 7.5
Ag 0.13 | 1.00 | 0.57 | 0.26 0.589:5%
Vg 0.17 | 1.00 | 0.32 | 0.18 0.250-28
log(Ry.) -0.45| 0.93 | 0.16 | 0.32 0.15025
log(Ry) -0.45| 1.26 | 0.22 | 0.35 0.210%
log(Ry(w=3)) |-0.52] 1.21 | 0.23 | 0.36 0.2703%
log(Ry(w = 5)) | -0.55 | 1.16 | 0.26 | 0.37 | 0.2603%
log(Ry(w = 10)) |-0.51 | 1.21 | 0.32 | 0.40 | 0.325%
log(R,) -0.96 | 0.72 | -0.11 | 0.30 | —0.1379%
log(7v) -1.57 | 0.74 | -0.61 | 0.44 | —0.6220%%
log () 1.38 | 3.26 | 2.43 | 0.36 2.5023%
log(V3,) 1.33°| 3.25 | 2.40 | 0.36 2.472%%
log(V,(w =1)) | 1.46 | 3.24 | 2.35 | 0.37 2.40231
log(V,(w=23)) | 1.38 | 3.27 | 2.32 | 0.38 2.37248
Tog(V,(w = 5))(+) | 1.28 | 3.27 | 2.31 | 0.39 3.35240
log(V,(w = 10))(+) | 1.13 | 3.28 | 2.27 | 0.40 | 2.342%
log(Limin) 777 [10.23 | 9.48 | 0.53 9.62972
log(Limaz) 8.99 [10.78 [ 10.08 | 0.29 | 10.111322
log( L) 9.40 |11.24 [ 10.52 | 0.35 | 10.5210°%
log(Lr,) 9.47 [11.81]10.82 | 0.54 | 10.8519%8
log(M.ir/Lrg) | 0.74 | 4.06 | 2.47 | 072 | 250258
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Table A.2: List of GH83 mass estimators-statistical parameters.

par. min. | max. | mean | st. dev. | median
log(M.ir ) 11.55 | 15.23 | 13.29 | 0.85 | 13.3113%2
log(M,i(w = 3)) | 11.30 | 15.24 | 13.24 | 0.88 | 13.28135¢
log(Myi(w =5)) | 11.15 | 15.24 | 13.24 | 0.83 | 13.2613%
log(Moyir(w = 10)) | 10.98 | 15.25 | 13.24 | 0.89 | 13.2413%2

log(Myu) 11.54 [15.25 | 13.39 | 0.83 |[13.433%°
log(Myvr) 11.76 | 15.23 | 13.36 | 0.718 | 13.3653%5¢
log(Mp) 11.33 [15.38 | 13.34 | 0.87 | 13.4113%8
log(Mare) 11.59 | 15.33 | 13.38 | 0.80 | 13.4113%¢
log(M4o) 11.74 | 15.41 | 13.51 | 0.81 | 13.531373

Table A.3: Spearman correlation coeflicient r and its significance S for

GHS3.

pair | 7| S |7 =07
(ng:Dy) | 036 | <0001 | NO
(N,,D,) | 055 | <0001| NO
(log(Lsg),Dy) | 0.63 | <0.001 NO
(log(L1,),D,) | 0.86 | <0.001| NO
(log(Lmin), D,) | 0.98 | <0.001| NO
(log(Lmaz), Dg) | 0.56 | < 0.001 NO
,) | 0.44 | <0.001| NO
)
)

0.43 | < 0.001 NO
0.41 | < 0.001 NO
(log(Mp), D,) | 037 | <0.001 | NO
(log(ow), D,) | 027 0.001 | NO

J [025]<0001| NO
(log(Lsg),ng) | 0.31 | < 0.001 NO
(log(Lrtg), Ng) | 0.77 | < 0.001 NO
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Table A.4: Spearman correlation coeflicient r and its significance S for

GHS83(D < 20Mpc).

Table A.5:
GHB83(D < 30Mpc). The number of groups in this subcatalogue is 59.

pair | 7] S I7]=07
(ng: D,) 0.0 | 063 | YES
(NV,,D,) 059 | <0.001| NO
(log(Lsy), Dy) 0.05 | 0.77 YES
(log(Lty), Dy) 0.13 | 0.42 YES
Tog(Lmin), Dg) | 081 | <0.001| NO
(08(Lmz), D,) | 028 | 0.00 | YES
(log(Mysr ), Dy) 0.19 | 0.25 YES
(log(My.),D,) | 015| 035 | YES
(log(MVT),Dg) 0.15 0.35 YES
(log(Mp), Dy) 0.23 | 0.16 YES
(log(oy), Dy) 0.16 | 0.33 YES
(og(Rvu),D,) | 024 0.14 YES
(log(My.),log(o,)) | 0.95 | < 0.001 NO
(log(My.),log(Ry,)) | 0.17 0.31 YES
(log(Lsg),ng) 0.75 | < 0.001 NO
(log(Lr,),N,) | 0.66 | <0.001| NO

Spearman correlation coefficient r and its significance § for

pair | 7 | S |7|=07

(ng, D,) 0.06 0.64 YES
(N,,D,) 054 | <0.001| NO
(log(L.g),D,) | 0.19 0.14 YES
(log(Zr,), D,) | 0.33 | 0.009 NO
(1og(Lmin), D,) | 0.80 | <0.001| NO
(log(Lmaz), Dg) | 0.04 0.76 YES
(log(Myv),D,) | 0.07 0.58 YES
(log(Mva), D,) | 0.006 | 0.97 YES
(log(Myr), D,) | 0.006 | 0.96 YES
(log(Mp),D,) | 0.04 | 077 | YES
(log(L,y),ng) | 0.70 | < 0.001 NO
(log(Lz,), N,) | 074 | <0.001| NO
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Table A.6: Spearman correlation coeflicient 7 and its significance S for

GHB83(D < 25Mpc). The number of groups in this subcatalogue is 48.

pair | 7| S |r]=07

(ng,Dy) 0.07 | 0.63 NO

(N,,D,) 0.58 | < 0.001 NO
(log(Lsg),Dy) |0.18 | 0.22 YES
(log(LTg) D,) 10.28 | 0.046 NO
(log(Lmin),Dg) | 0.86 | < 0.001 NO
(Iog(Lmaz), Dy) | 0.09 | 0.54 YES
(log(Mv),D,) [0.02] 0.87 YES
(log(Mv), D,) | 0.11 | 0.46 YES
(Og(MVT) D ) 0.10 ) 0.48 YES
(log(Mp),Dy) | 0.13 | 0.38 YES
(log(L.q),m,) | 0.71 | < 0.001 NO
(log(L1y),Ng) | 0.70 | < 0.001 NO
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Table A.7: The KS test significances S of differences revealed by
the comparison of mass and other main parameter distributions.
(GH83(D < 20 Mpc) versus GH83 in column A and versus
GH(D > 20 Mpc) in column B, while in column C: GHS83 versus
GHS83(D > 20 Mpc).

estimator col. A col. B | col C.
My, 0.07 0.009 0.80
Mir 0.08 0.007 0.79

Mor(w =3) | 0.18 0.03 | 0.90
Moir(w =5) | 0.18 0.03 | 0.90
Mir(w =10) | 0.15 0.02 | 0.88

Myt 0.04 0.03 | 0.79
Mp 0.09 0.0L | 0.86
Mo, 0.04 | 0.002 | 0.68
My 0.03 | 0.001 | 0.62
g 0.61 0.26 | 0.99
N, < 0.001 | < 0.001 | 0.12
Tog() 0.43 0.16 | 0.9
log(7y ) 0.26 0.06 | 0.94
log(R,) < 0.001 | < 0.001 | 0.22
log(Ry.) 0.01 | < 0.001| 0.48

log(Myir/L1g) | 0.62 | 0.28 | 0.99
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Table A.8: List of GH83(D < 20Mpc) parameters.

par. min. | max. | mean | st. dev. | median
D, 2.46 | 19.66 | 13.83 | 4.60 | 14.64117%
D) 7.11 | 75.37 | 30.09 | 15.73 | 29133710
ng 3 | 23 | 6.26 | 4.08 57
N, 4.00 [ 39.00 | 12.24 | 8.82 | 9.005%:%°
Ag 0.82 | 1.00 | 0.90 | 0.06 | 0.899%
Vg 0.39 | 1.00 | 0.56 | 0.18 0.509-3
log(Ry) 044 | 1.26 | 0.11 | 0.38 0.4021,
log(Ry(w =3)) |-0.52 | 1.21 | 0.13 | 0.38 | 0.045%%,
log(Ry(w =5)) | -0.55 | 1.16 | 0.16 | 0.39 | 0.069%3%,
log(Ry(w = 10)) | -0.51 | 1.07 | 0.21 | 0.41 | 0.11959,
log(Ry.) -0.44 | 0.40 | -0.02 | 023 | —0.03%53,
log(R,) -0.83 | 0.08 [-0.30 | 020 | —0.25_9%
log(7v) -1.3210.69 | -0.70 | 0.47 | —0.79_78%
log(y) 138 [ 284 [ 235 | 035 [ 24579
log(Vy,) 1.33 [ 282 | 233 | 0.35 2.412%8
log(V,(w=1)) | 1.48 | 279 | 219 | 0.35 | 2.23%%
log(V,(w =3)) | 1.48 | 2.83 | 2.17 | 0.36 2.2223%9
log(V,(w=5)) | 1.48 | 2.84 | 2.15 | 0.37 | 2.242%
log(V,(w = 10)) | 1.37 | 2.82 | 2.12 | 0.39 | 22373
log(Limin) 777 | 9.39 | 877 | 0.34 | 8.8IL%
log(Lrmaz) 8.99 | 10.39 [ 9.87 [ 0.33 | 9.881%%
log(L.,) 9.40 | 10.95 | 10.21 | 0.37 | 10.2813:3
log(Lr,) 9.47 [10.98 | 10.26 | 0.38 | 10.341022
log(M.ir /Lr,) | 1.07 | 4.00 | 2.61 | 0.69 | 25123
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Table A.9: List of GH83(D < 20Mpc) groups mass estimators-statistical
parameters.

par. min. | max. | mean | st. dev. | median
log(Muir ) 11.67 | 14.93 | 13.18 | 0.74 | 13.2813%
log(Myir(w = 3)) | 11.67 | 14.87 | 13.19 | 0.74 |13.2813%2
log(M,:(w = 5)) | 11.67 | 14.83 | 13.22 | 0.73 | 13.305%
log(M,;,(w = 10)) | 11.67 | 14.73 [ 13.28 | 0.74 | 13.3213%

log(Myu) 11.54 | 14.03 | 13.04 | 0.68 | 13.193%
log(My1) 11.76 | 13.97 | 13.04 | 0.63 | 13.191322
log(Mp) 11.58 | 14.23 | 13.03 | 0.68 |13.105%
log( M) 11.59 [14.09 | 13.06 | 0.68 | 13.1813%
log(Mav) 12.11 | 14.17 | 13.14 | 0.62 | 13.1983%

Table A.10: Pairwise KS test of different velocity dispersion estimator dis-
tributions observed in GH83(D < 20Mpc) (upper half) and in GH83 (lower .
half). .

& | oo | Vo [ Vo(1) | Vo | Va(5) | Vo(10)
7, | & |0.90| 0.14 | 0.14 [ 0.08 | 0.04
V. |0.78| & | 0.24 |0.14 | 0.14 | 0.08
V,(1) |0.15 059 | & |0.99 | 0.98 | 0.54
V,(3) | 0.06 020 0.98 | & | 0.99 | 0.90
V,(5) | 0.05]0.20 | 0.87 | 0.99 | & | 0.98
V,(10) | 0.03 [ 0.02 | 0.26 | 0.69 | 0.94 | &
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Table A.11: Pairwise KS test of different mass estimator distributions ob-

served in GH83(D < 20Mpc) (upper half) and in GH83 (lower half).

& | My, | Myr | Mp | Mage | My | M T M | MET | MG

My, o 0.99 {090 0.98 | 0.98 | 0.98 | 0.90 | 0.90 | 0.54

Myr | 0.98 & 090 0.98 | 098 | 0.90 | 0.90 | 0.73 | 0.37

Mp | 078 | 078 | & | 0.98 | 0.90 | 0.90 | 0.73 | 0.54 | 0.54
Mpe | 099 | 094 | 094 & 0.98 | 0.90 | 0.73 | 0.73 | 0.54

My, | 0.78 | 0.59 | 0.40 | 0.59 & 0.98 | 0.90 | 0.90 | 0.90
Mg,l) 0.98 | 0.78 {0.59 | 0.87 | 0.94 & 0.99 | 0.99 | 0.90

MP 1087 | 059 040 087 | 098 | 0.95| & | 1.00 | 0.98

MY | 078 | 059 [0.40 | 0.78 | 0.99 | 0.98 | 0.99 | & | 0.99
MU 1 059 | 0.40 |0.26] 049 | 0.98 | 0.87 | 0.94 | 0.99 | &

Table A.12: Pairwise KS test of different virial radius estimator distribu-
tions observed in GH83(D < 20Mpc) (upper half) and in GHS83 (lower
half).

& Rv. | Bv(1) | Bv(3) | Bv(5) | Rv(10)
Rya & 0.54 | 0.14 | 0.04 | 0.01
Ry(1) | 0.40 & | 098 | 054 | 0.37
Ry(3) | 012 | 0.87 | & | 0.98 | 0.37
Ry(5) | 002 | 049 | 098 | & 0.54
Ry(10) | <0.001 | 0.24 | 0.15 | 0.69 &
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Table A.13: List of GHS83 mass corrected for the evolutionary effect and
related parameters.

” par. | min. ] max. ] mean [ st. dev. ‘ median l]
Q=02 |
log(My,,) [ 12.04 | 1541 | 13.58 | 0.77 | 13.63;3%]
T 3.34 | 31.21 | 6.16 3.41 5.38: 54
o 0.008 | 0.69 | 0.38 | 0.17 | 0.395:3
L 0.73 | 61.31 | 2.98 | 7.25 | 1.291%
Q=1
Tog(My) | 12.13 | 15.51 | 13.66 | 0.77 | 13.720%
T 329 |24.17| 5.46 | 2.13 | 5.15%%
o 0.005| 0.68 | 0.34 | 0.7 | 0.3333
L 0.73 | 98.63 | 4.15 | 11.65 | 1.511%

Table A.14: List of GH83(D < 20 Mpc) mass corrected for the evolutionary
effect and related parameters.

“ par. ’ min. [ max. [ mean | st. dev. i median U

Q=02

log(My,) | 12.18 | 14.10 | 13.18 | 0.52 | 13.2113-39

T 3.36 | 17.62 | 6.43 2.79 5.66%-29

«@ 0.01 | 0.69 | 0.42 0.17 0.45933

7 0.73 | 48.60 | 3.08 8.01 1.093:33
Q=1

log(My,) [12.24 | 14.16 [ 13.25 | 0.51 | 13.301365

T 3.31 [13.64 | 5.64 | 1.57 5.43% 0

o 0.006 | 0.66 | 0.39 0.18 0.4053°

I 0.75 | 77.74 | 4.35 12.85 1.24});%
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Table A.15: Effect of the evolutionary correction: significance S of KS test
comparison between the observed and corrected distributions.

2 | GH83 | GH83(D < 20 Mpc)
0.2 0.24 0.37
1.0 | 0.09 0.24

Table A.16: Effect of  on the evolutionary correction: significance S of
KS test comparison between the corrected distributions obtained for two

values of 2 for GHS3.

par. | GH83 | GH83(D < 20 Mpc)

My, | 0.81 0.54
T 0.03 0.17
o 0.02 0.42

© | 0.02 0.54
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A.2 The T87 groups

Table A.17: List of T87 parameters.

par. min. | max. | mean | st. dev. | median
D, 1.88 | 28.78 [ 15.77 | 6.70 | 15.6711%

ng 3 | 22 | 569 | 3.68 43
log(Hyu) -0.63 | 0.54 | 0.02 | 0.24 | 0.04°7%,
log(F,) 120 | 0.09 | -0.30 | 0.22 | —0.27_3%
log(7v) 170 | 111 | -043 | 041 | —0.46_93
log(a) 0.93 | 2.88 | 212 | 0.30 | 2.1827%
log(Lnin)(*) | 7.08 [10.70 | 9.56 | 0.69 9.793%
108(Lmae)(*) | 774 | 10.64 | 971 | 0.62 | 9.891%0T
log(Lg)(*) 9.35 [11.20 | 10.33 | 0.35 | 10.3615%
log(My./L.g)(*) | -1.47 | 355 | 2.25 | 0.65 2.332.12

Table A.18: List of T'87 mass estimators-statistical parameters.

log(Mvu)

10.04

13.79

12.62

0.62

12.741385

log(Myr)

11.28

13.82

12.74

0.52

12.801252

log(Mp)

10.60

14.22

12.68

0.61

12793567

log(MMe)

11.01

13.86

12.69

0.53

12.791287

log(MAv)

11.42

13.94

12.87

0.50

2.9
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Table A.19: Spearman correlation coeflicient r and its significance S for

T87.

pair | 7 | S |7 ]=07
(log(Lsg), Dg)(*) 0.35 | <107° NO
(log(Lmin), Dg)(*) 0.51 | <107° NO
(log(Lmaz ), Dg)(*) 0.27 | <107° NO
(log(Mya), D, ) 020 8-10°| NO
(log(ey), Dy) 0.18 | 0.02 NO
(log(Rvw), Dy) 0.16 | 0.04 NO
(log(L,g/Mvy), Dg)(*) 0.01| 0.87 YES
(log(Lsg),log(,))(*) 0.36 | <107° NO
(log(Lsg),log(Ryv))(*) 0.07 | 0.41 YES
(log(oy),log(Ry+.)) 0.06 | 0.44 YES
(log(Myvy),log(Lyg)) (%) 0.36 | <10°° NO
(log(My),log(oy)) 0.88 | 0.00 NO
(log(Myy,),log(Ryy)) 0.35 | <1073 NO
(log(Lsg/ Mvyy),log(Ryvy))(*) | 0.25 | 0.002 NO
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Table A.20: List of T87(D < 20 Mpc) parameters.

par. min. | max. | mean | st. dev. median
D, 1.88 [19.93| 12.45 | 4.55 | 13.011%%°

ng 3 22 | 6.21 | 3.97 58
log(Ryu) -0.49 | 0.52 | 0.005 | 0.21 | —0.004"%%,
log(R,) 1.04] 0.09 | -0.31 | 021 | —0.28°0%
log(7v) 128 1.11 | -0.43 | 0.36 | —0.485:
log(o) 1.07 | 275 | 2.10 | 0.28 21727
10g(Lmin)(*) | 7.08 [10.43] 9.40 | 0.73 9.56950
log(Lmaz )(*) 774 | 10.63 | 9.64 | 0.64 9.853%9
log(Lsg)(*) 9.35 | 11.00 | 10.26 | 0.35 | 10.3115%
log(My./Lsg)(*) | -1.47 | 355 | 2.27 | 0.66 2.332:%8

Table A.21: List of T87(D < 20 Mpc) mass estimators-statistical parame-
ters.

log(My,) | 10.94 [ 13.76 [ 12.58 | 0.58 | 12.7212%7
Tog(Myr) | 11.28 | 13.77 | 12.67 | 0.51 | 12.77:2%F
log(Mp) | 10.60 | 14.23 | 12.64 | 0.61 | 12.771253
log(Mpr.) | 11.01 | 13.78 | 12.63 | 0.53 | 12.7412 %1
log(My,) | 11.41 | 13.74 | 12.79 | 0.50 | 12.8613°%
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Table A.22: Spearman correlation coefficient r and its significance S for

T87(D <20 Mpc).

pair |7 | S |7 |=07
(log(L.g), Dy )(*) 0.18 | 0.054 YES
(log(L mm) D,)(*) 0.57 | <1073 NO
(log(Lmaz ), Dg)(*) 0.25 | 0.008 NO
(log(Mv), D,) 022 | 0.02 NO
(log(oy), Dy) 0.20 | 0.04 NO
(log(Rv.), D,) 0.24 | 0.01 NO

(log(Lsg/ Mvu), Dg)(*) 0.12 | 0.21 YES
(log(Lsg),log(oy))(*) 0.35 | <107° NO
(log(L,g),log(Rv+))(*) 0.11| 0.23 YES
(log(o),log(Ry..)) 0.02 | 0.70 YES
(log(Myy,),log(Lsg))(*) 0.35 | < 107° NO
(log(Myy), log(av)) 0.89 | 0.00 NO
(log(Myw),log(Rvy.)) 0.39 | <107° NO
(log(Lsg/Mvy),log(Ry.))(*) | 0.18 | 0.053 YES
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Table A.23: Pairwise KS test of different mass estimator distributions ob-
served in T'87 and T'87(D < 20 Mpc).

pair S(T87) | S[T87(D < 20 Mpc)]
(Myu, Myr) 0.47 0.77
(Mvu,Mp) 1 0.83 0.77
(Myu, Mase) 0.56 0.55
(Myy, May,) | 0.006 0.02
(MVT,MP) 0.75 0.98
(Myr, Mare) 0.96 0.98
(Myr, Ma,) | 0.051 0.08
(Mp, Mage) 0.75 0.94
(MP,MAv) 0.03 0.21
(Mage, May) 0.03 0.11

Table A.24: KS test significances S of differences revealed by the compari-
son of mass and other parameters distributions. (T'87(D < 20 Mpc) versus
T87 in column A and versus 787(D > 20 Mpc) in column B, while in
column C: T'87 versus T87(D > 20 Mpc).

estimator col. A | col. B | col C.
My, 0.87 0.02 0.17
My 0.93 | 0.055 | 0.26
Mp 0.99 0.38 0.74
Mined 0.99 0.17 0.49
M 4o 0.86 0.02 0.16

Tg 0.97 | 0.099 | 0.37
log(o) 0.97 | 0.16 | 0.38
log(7v) 0.99 0.39 0.75
log(R,) 0.94 0.06 0.28
log(Ryv ) 0.79 0.01 0.11

log(Myy/Lzg)(*) | 0.99 0.81 0.95
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Table A.25: List of T'87 mass corrected for the evolutionary effect and
related parameters.

H par. ’ min. l max. [ mean I st. dev. [ median ||

Q=02

log(My,) | 11.28 14.01 | 12.93 | 0.52 [ 12.97307

T 3.23 47.75 | 5.44 | 3.53 5.0651

a 1.6-10~%| 0.69 | 0.31 0.15 0.31931

L 0.73 304.40 | 4.96 | 24.48 | 1.601%3
Q=1

log(My,) | 11.37 | 1414 [13.02] 0.52 [13.075 L

T 3.21 33.15 | 5.00 | 2.65 4.813%

Y 1.0-107% | 0.65 | 0.26 | 0.14 0.26929

L 0.77 | 500.07 | 7.33 | 40.27 | 1.93*Z

Table A.26: List of T87(D < 20 Mpc) mass corrected for the evolutionary
effect and related parameters.

H par. [ min. ] max. | mean ] st. dev. I median ”
2=0.2
log(My,) 11.28 13.95 | 12.87 | 0.47 12.901392
T 3.23 16.20 | 5.09 1.04 5.085 23
o 1.6-107%*| 0.69 | 0.31 0.14 0.31932
o 0.73 304.40 | 5.27 28.64 1.591%3
=1
log(My,,) 11.37 14.08 | 12.96 | 047 12.997543
T 3.21 12.54 | 4.84 | 0.82 4.83558
o 1.0-107%| 0.65 | 0.26 0.13 0.26929
7 0.77 500.70 | 7.89 47.14 1.91%2%
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Table A.27: Effect of the evolutionary correction: significance S of KS test
comparison between the observed and corrected distributions.

9] T87 | T87(D < 20 Mpc)
0.2 | <« 0.001 0.002
1.0 <1073 < 0.001

- Table A.28: Effect of Q on the evolutionary correction: significance S of
KS test comparison between the corrected distributions obtained for two

values of ) for T87.

par. | T87 | T87(D < 20 Mpc)
My, | 0.39 0.44

T 0.005 0.01

o 0.006 0.02

© [ 0.02 0.01

Table A.29: The effect of the magnitude limit m. on the observed mass
distributions for T87(D < 20 Mpc).

par. S(m. =12) | S(m. = 12.5)
Tog(Mya) | 0.30 0.68
log(Myz) | 0.06 0.78
Tog(Mp) | 8.2-10°° 0.52
Tog(Mar.) | 0.02 0.67
Tog(Ma,) | 0.48 0.71
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Table A.30: The effect of the correction on the m.-complete mass distribu-

tions on T'87(D < 20 Mpc): KS significance of N(™)(M) vs. Nég’:")(M).

par. S(m, =12) | S(m. = 12.5)
Tog(My.) | 011 0.30
Tog(Mp) 0.25 0.36
Tog(Mar.) | 0.17 0.24
log( M 4,) 0.36 0.53

Table A.31: The efficiency of faint distant groups recovery for
T87(D < 20 Mpc): KS significance of Nc(mc)(M) vs. Nops(M).

par. S(m. =12) | S(m. = 12.5)

log(My,) 0.053 0.22
log(Mp) <107? 0.11
log(Mpre) <107° 0.06

log(M,,) | 0.008 0.06
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A.3 The V84 groups

Table A.32: List of V84 parameters.

par. min. | max. | mean | st. dev. | median

D, 1.87 | 31.79 | 15.00 7.24 13.871¢%
ng 3 19 5.91 2.78 5%

log(Ry,) |-0.65| 0.71 [ -0.13 | 0.23 [ -0.1323%
log(R,) 1.15| 0.54 | -0.44 | 0.28 | —0.42°0%°
log(7v) 1.66 | 0.77 | -0.53 | 0.40 | —0.54_0¢%

log(oy) 1.01 | 3.16 | 2.06 0.31 2.10%33

log(Lyin) 6.79 | 9.73 | 8.60 0.55 8.703%s

log(Lmax) 8.75 | 10.51 | 9.82 0.33 9.865 72
log(L,g) 9.14 | 11.12 | 10.14 | 0.36 10.1315:23

log(My./Ly) | -2.28 | 3.90 | 2.12 0.75 2.162:2%

Table A.33: List of V84 mass estimators-statistical parameters.

log( M)

10.12

14.51

12.36

0.66

12.451235

log(MVT)

11.16

14.52

12.46

0.55

12.4912:52

log(Mp)

10.50

14.60

12.37

0.63

12.3812%22

log(MMe)

11.01

14.45

12.42

0.58

12.45125]

log(MAv)

11.19

13.69

12.49

0.54

12.5013%5
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Table A.34: Spearman correlation coefficient r and its significance S for

V84.

pair |7 | S |7]|=07
(og(Lyg), Dy) 043 | <0001| NO
Uog(Lmin),Dy) | 0.77 | <0.001 | NO
(log(Lmaz), Dyg) 0.32 | < 0.001 NO
(log(My.),D,) | 0.36 | <0.00l | NO
(log(oy), D,) 0.29 | 0.002 NO
log(Bv.),D,) | 031 0.001 | NO
(log(My.),log(Lsg)) | 0.41 | < 0.001 NO
(log(Myy),log(og)) | 0.90 | < 0.001 NO
(log(My.),log(Ry.)) | 030 | 0.002 | NO
(log(Lsg),log(og)) | 0.39 | < 0.001 NO
(log(Lsg),log(Rvy)) | 0.14 0.15 YES
(log(oy),log(Ry,)) |0.09 | 0.37 YES

Table A.35: Spearman correlation coefficient r and its significance S for

V84(D < 20 Mpc).

pair |7 | S |7]|=07
(og(Lwg), Dy) 01| 0.055 | YES
(og(Lmin), D,) | 0.75 | <0.001 | NO
(log(Lmae), D,) | 015 018 | YES
(log(Myu), Dy) 0.23 | 0.034 NO
(log(oy), Dy) 0.21 | 0.056 YES
(log(Ryw), Dy) 0.25 | 0.023 NO
(log(Myvy),log(Lsg)) | 0.30 | 0.006 NO
(log(Myy),log(a,)) | 0.90 | < 0.001 NO
(log(Myy),log(Ryy)) | 0.18 | 0.10 YES
(log(L4g),log(oy,)) | 0.27| 0.01 NO
(log(Ly, ), log(Ry.)) | 011 0.30 YES
(log(oy),log(Ry,)) |0.20 | 0.09 YES
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Table A.36: List of V84(D < 20 Mpc) parameters.

par. min. | max. | mean | st. dev. | median
D, 1.87 |19.71 | 11.73 | 4.67 | 11.29332
ng 3 13 | 5.82 | 255 58
log(Ry.) |-0.65| 0.40 |-0.17 [ 0.22 [ —0.16253s
log(R,) 115 | 015 | -0.49 | 0.26 | —0.47_0%
log(Tv) 149 0.77 | -0.52 [ 0.39 | —0.54"g6:
log(o,) 1.01 | 2.62 | 2.02 | 0.29 2.09%55
log(Lmin) | 6.79 | 9.29 | 846 | 0.53 8.575 30
108(Lmaz) | 8.75 | 1049 | 9.76 | 0.33 9.759%%
log(L,,) 9.14 [10.73[10.05 | 0.33 | 10.115%2°
log(Myu/L.,) | -2.28 | 325 | 2.05 | 0.78 2.10%2¢

Table A.37: List of V84(D < 20 Mpc) mass estimators-statistical parame-
ters.

log(Myv,) | 10.12 [ 13.13 [ 12.24 [ 0.59 | 12.322%3
Tog(Myr) | 11.16 | 13.17 | 12.35 | 0.48 [ 12.37135°
log(Mp) | 10.50 | 13.25 | 12.23 | 0.55 | 12.2912%
log(Maz.) | 11.01 | 13.15 | 12.30 | 0.51 | 12.34]2%}
Tog(M,) | 11.19 | 13.29 | 12.37 | 0.49 | 12.4612%%
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Table A.38: Pairwise KS test of different mass estimator distributions ob-

served in V84 and V84(D < 20Mpc).

pair S5(V84) | S[V84(D < 20 Mpc))
(Mya, Myz) | 052 0.55
My, Mp) | 0.93 0.83
(Mya, Mared) | 0.08 0.98
(Mya, May) | 0.52 0.58
(Myz, Mp) | 0.52 0.45
(MVTyMMed) 0.75 0.83
(MVT,MAU) 0.85 0.83
(Mp, Marea) | 0.75 0.71
(Mp, M) | 010 0.18
(Mpged, May) | 0.52 0.58

Table A.39: KS test significances S of differences revealed by the compar-
ison of mass estimator distributions. (V84(D < 20 Mpc) versus V84 in
column A and versus V84(D > 20 Mpc) in column B, while in column C:
V84 versus V84(D > 20 Mpc).

estimator col. A | col. B | col C.
My, 0.90 0.02 0.13
Myr 0.88 0.01 0.10
Mp 0.62 | <107° | 0.01
M red 0.72 0.002 0.03
My, 0.65 | <107° | 0.02

g 1.00 0.99 0.99
log(oy) 0.96 0.052 0.22
log(7y) 0.99 0.73 0.94
log(R,) 0.78 0.004 | 0.051

log(Ry,) 0.94 0.04 0.19

log(Myu/Lrg)(*) | 0.99 0.12 0.36
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Table A.40: List of V84 mass corrected for the evolutionary effect and
related parameters.

” par. l min. | max. l mean ] st. dev. ] median H
Q=02
log(My,) [ 11.11 ] 14.51 [12.59 | 0.57 | 12.5912 7%
T 3.33 | 36.66 | 5.81 3.93 5.22537
P 0.007 | 0.66 | 0.34 | 0.16 0.350:41
L 0.76 | 68.31 | 2.72 | 6.68 1.43172
O=1
log(My,) [ 11.19 | 14.54 [12.67] 0.56 | 12.6613%)
T 3.29 | 30.52 | 5.38 | 2.97 5.00528
o 0.005| 0.62 | 0.30 | 0.16 0.300-3¢
L 0.81 |106.20 | 3.63 | 10.38 | 1.68%3% -

Table A.41: List of V84(D < 20 Mpc) mass corrected for the evolutionary
effect and related parameters.

” par. | min. ] max. | mean l st. dev. l median ”
log(My,) | 11.11] 13.61 | 12.47 | 0.48 |12.5012%7
T 3.33 | 25.96 | 5.58 | 2.60 | 5.22;%
o 0.007 | 0.66 | 0.34 | 0.16 | 0.35033
n 0.76 | 68.31 | 2.90 | 7.62 1.43132
Q=1
log(My,) | 11.19 | 13.73 [ 12.55 | 0.48 | 12.5675,>
T 329 [ 2049 | 521 | 1.92 | 5.005%
o 0.005 | 0.62 | 0.30 | 0.15 0.305 53
7 0.81 |106.20 | 3.91 | 11.87 | 1.68i %}
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Table A.42: Effect of evolutionary correction: significance S of KS test
comparison between the observed and corrected distributions.

Q | V84 [ V84(D < 20 Mpc)
0.2 ] 0.04 0.04
1.0 | 0.006 0.005

Table A.43: Effect of 2 on the evolutionary correction: significance S of
KS test comparison between the corrected distributions obtained for two
values of {2 for V84.

par. | V84 | V84(D < 20 Mpc)

My, | 0.49 0.53
T 0.04 0.18
o 0.08 0.18

L | 0.14 0.14
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A.4 The RGHS89 groups
Table A.44: List of RGH89 parameters.
par. min. max. mean | st. dev. | median
D, 32.36 | 112.68 | 75.37 | 23.68 | 76.1755 03
DY) 37.45 | 13544 |86.94 | 22.58 | 88.94%%%
ng 3 13 47 | 2.28 43
N, 10 156 426 | 275 3811

Ag 0.13 | 0.1 0.40 | 0.21 0.3605

Vg 0.07 | 031 | 013 | 0.07 | 0.11%%2
log(Ry,) |-0.51| 051 | 0.07 [ 0.26 | 0.08°%%
log(Ry) | -1.03 | 0.06 | -025| 0.24 | —0.17_95
log(R,) 0.46 | 0.51 0.09 | 0.26 | 0.09%%%,
log(Ty) | -1.40 [—4-107* | -0.76 | 0.33 | —0.79705;
log(o) 1.75 | 312 | 250 | 0.34 | 2.542%°
log(V,(1)) | 1.74 | 3.13 | 244 | 035 | 24735
log(V;,) 1.68 | 3.0 | 245 | 035 | 2.482%¢
log(Lmin) | 901 | 1013 [ 973 | 029 [ 9.782%
10g(Lmaz) | 942 | 10.58 | 10.13| 0.25 [ 10.17i023
log(Lsg) 9.75 | 11.25 |10.57 | 0.29 | 10.581%¢
log(Lr,) | 9.85 | 12.02 |11.03| 0.47 | 11.065}Z
log(Myv/Lry) | 0.33 | 3.87 | 2.30 | 0.80 | 2.482%

Table A.45: List of RGH89 mass estimators-statistical parameters.

par. min. | max. | mean | st. dev. | median
log(My) | 11.65 | 14.92 | 13.45 | 0.83 | 13.353%
log(My,) | 11.67 | 14.93 | 13.43 | 0.84 |13.4083%
log(Myr) | 11.81 [14.89 [ 13.38 | 0.80 [13.2913%2
log(Mp) | 11.57 | 14.90 | 13.31 | 0.84 | 13.165372
log(Mps.) | 12.02 [ 14.85 | 13.38 | 0.80 | 13.4013%
log(My,) [11.71[14.91 [ 13.46 | 0.83 |13.395%
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Table A.46: Spearman correlation coefficient r and its significance § for

RGHS9.

pair |7 | S [7]=07
(log(Lsg), Dy) 0.55 | < 107° NO
(log(Lty), Dy) 0.88 | <10°° NO
(log(Zmin), D, 097 | <10°| NO
(108(Lmas), D, 046 | <10°| NO
(log(My), D, 0.30 | 0.035 | NO
(log(ey), D ) 0.21| 0.15 YES
(log(Rv), Dy) 0.38 | 0.008 NO
(10g(LTg/MVu),Dg) 0.22 0.12 YES
(log(Lry),log(c,)) 0.34 | 0.015 NO
(log(Lzg),log(Ry.)) 0.34 | 0.016 NO
(log(oy),log(Ryy)) 0.46 | 10°° NO
(log(Mya),log(L.,)) | 0.38 | 0.006 | NO
(log(Myy),log(Lry)) 0.41 | 0.003 NO
(log(LTg/Mvu),log(Rp)) 0.36 0.01 NO
(log(LTg/Mvu),log(Rvu)) 048 | <1073 NO

Table A.47: Pairwise KS test of different mass estimator distributions ob-
served in RGH89.

pair S pair S
(Myu, My) 10.99 || (Myy, Myr) | 0.85
(Mvu,Mp) 0.86 (Mvu,MMe) 0.86
(MVu,MAv) 0.99 (Mv,MVT) 0.70
(Mv,Mp) 0.53 (Mv,MMe) 0.70
(My, My,) |0.96 || (Myr, Mp) | 0.96
(MVT,MMe) 0.96 | (Myr,My,) | 0.96
(Mp,MMe) 0.96 . (MP,MAU) 0.70
(Mage; Myy) | 0.70 - -
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Table A.48: Pairwise KS test of different velocity dispersion and virial
radius estimator distributions observed in RG H 89.

pair S
(00, Vn) |0.70
(0s,Vy) |0.38
(Va, V) ] 0.96

(Ryw,Rv) | 0.96

Table A.49: List of RGH89 mass corrected for the evolutionary effect and
related parameters.

” par. [ min. } max. ] mean I st. dev. ] median “
0 =02

log(My,) | 12.01 | 14.83 [ 13.49 | 0.77 | 13.4514%°
T 417 [ 21.44 | 6.63 | 3.39 5.735%8
o 0.11 | 0.68 | 0.44 | 0.13 0.489°%0
L 0.73 | 4.36 | 1.33 | 0.69 1.051:30

N=1 '

log(My,) | 12.11 | 14.88 | 13.55 | 0.76 | 13.55150¢
T 3.99 | 16.92] 5.90 | 2.16 5.12%76
o 0.008 | 0.68 | 0.40 | 0.14 0.429%
" 0.74 | 5.83 | 1.54 | 0.97 1.181 03

Table A.50: Effect of  on the evolutionary correction: significance S of
KS test comparison between the corrected distributions obtained for two

values of £ for RGHS9.

par. S

My, | 0.99
T 0.19
o 0.12
7 0.22
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A.5 The S89 groups

Table A.51: List of S89 parameters.
par. min. | max. | mean | st. dev. | median
D, 2.47 | 79.94 | 35.60 | 20.34 | 30.953:7%?
ng 3 61 | 6.32 | 10.02 34
log(Ry.) -0.45 | 0.61 | 0.09 0.23 0.12933
log(R,) -0.97 | 1.49 | -0.28] 032 | —0.270%
log(7v) -1.40 | 0.44 | -0.64 | 0.42 | —0.7470%%8
log(o) 1.40 | 3.03 | 2.40 0.35 2.42%33
log(V,,) 1.40 | 3.04 | 241 0.35 2.43%%2
log(Lmin )(*) 7.59 | 10.35 | 9.35 0.66 9.545-72
log(Lmaz)(*) 8.85 | 10.94 | 10.07 0.39 10.1179-2
log( Ly, )(*) 9.10 | 11.19 | 10.36 0.45 10.3519:52
log(Myy/Lsg)(*) | -1.33 | 4.37 | 2.84 0.83 2.9239¢

Table A.52: List of S89 mass estimators-statistical parameters.

par. min. | max. | mean | st. dev. | median
log(My,) | 11.10 | 15.01 | 13.26 | 0.73 | 13.2613%9
log(Myr) | 11.58 [ 15.03 | 13.30 | 0.68 | 13.2713%1
log(Mp) | 11.46 [15.70 | 13.15 | 0.78 | 13.15332
log(Mar.) [ 11.36 | 15.50 | 13.24 | 0.75 | 13.2253&Z
log(My,) | 11.24 | 15.08 | 1341 | 0.72 | 13.4013%
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Table A.53: Spearman correlation coefficient r and its significance § for

589.

pair | 7| S [r]=07
(log(L,g), Dg)(*) 0.47 | < 0.001 NO
(log (Lmin), Do) () 082 [ <0.001| NO
(108(Lmas ), Dg)(*) 055 [<0.001| NO
(log(My), D,) 025 | 0.02 NO
(log(ey), Dy) 0.6 | 014 | YES
(log(Bv.), D,) 034 0001 | NO
(log(Myu/Lsg), Dg)(*) 0.06 | 0.53 YES
(log(Myw),log(Lsg))(*) 0.41 | < 0.001 NO
(log(My.),108(0)) 003 | <0.001| NO
(log(Myy),log(Rvy.)) 0.29 | 0.001 NO
(log(Lsg),log(oy))(*) 0.39 | < 0.001 NO
(log(Lsg),log(Ryw))(*) 0.15| 0.16 YES
(log(oy),log(Rv)) 0.02| 0.88 YES
(log(Myu/Lsg),log(Ryvu))(*) | 0.18 | 0.095 YES

Table A.54: The KS test significances S of differences revealed by the
comparison between some group parameter distributions of 589 ver-
sus S89(D < 20 Mpc) (in col.
589(D > 20 Mpc) (in col. B) and S89(D > 20 Mpc) versus S89 (in

col. C).

par. A B C
log(Myy,) 0.74 | 0.46 | 0.99
log(Myr) 0.74 | 0.46 | 0.99
log(Mp) 0.95| 0.81 | 0.99
log(M med) 0.82 | 0.57 | 0.99
log(May) 0.57 | 0.28 | 0.99

Tg 0.36 | 0.08 | 0.94
log(o) 0.98 | 0.90 | 0.99
log(Ryw.) 0.22 | 0.053 | 0.92
log(R,) 0.31 | 0.06 | 0.92
log(7v) 0.67 | 0.29 | 0.99
log(Myw/Lsg)(*) | 0.39 | 0.10 | 0.96

A), of S89(D < 20 Mpc) versus
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Table A.55: List of S89(D < 20 Mpc) parameters.

par. min. | max. | mean | st. dev. | median
D, 247 [19.89 [11.83 | 3.98 | 13.13%5F

ng 3 | 61 [11.68| 17.16 58
log(Ry.) -0.43| 0.27 | 0.01 | 0.19 | 0.08°%,
log(R,) -0.75 | 1.18 [ -0.35 | 0.23 | —0.40-g2%
log(7y) -1.40 [ 0.22 [-0.71 | 0.40 | -0.80-p%3
log(a) 1.39 | 2.82 | 2.39 | 0.34 2.412%2
log(V») 1.40 | 2.82 | 2.39 | 0.3¢ | 2.423%
log(Lmin)(*) | 7.59 | 9.92 | 863 | 0.61 | 8.565%
log(Lmaz)(*) | 8.85 | 10.37 | 9.81 | 0.43 | 9.90L%.1°0
log(Ly)(*) 9.10 | 11.16 | 10.13 | 0.57 | 10.201%3
log(My./L,,)(x) [-1.33 [ 412 | 2.92 | 1.07 | 3.06%
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Table A.56: List of S89(D < 20 Mpc) mass estimators-statistical parame-

ters.

par. min. | max. | mean | st. dev. | median
log(My,) | 11.10 | 14.15 | 13.16 | 0.71 [ 13.22137
log(Myr) | 11.58 | 14.16 | 13.20 | 0.63 | 13.231372
log(Mp) |11.46 | 14.33 | 13.04 | 0.68 | 13.091337
log(Myr.) | 11.36 | 14.26 | 13.12 | 0.68 [ 13.1351
log(My,) | 11.72 1420 | 13.23 | 0.64 | 13.271372
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Table A.57: Spearman correlation coeflicient 7 and its significance S for

S89(D < 20 Mpc).

pair |7 | S |r|=07
(Tog(Z.g), Dy)(*) 025 | 0.23 YES-
(log(Lmin), Dg)(*) 0.60 | < 0.001 NO
(Iog(Zmaz), Dy )(*) 032 0.12 YES
(log( M), Dy) 0.08 | 0.70 YES
(log(oy), Dy) 0.17| 0.41 YES
(log(Bvw), D,) 012 055 YES
(log(Mya/Lsy), D) (*) | 0.01 | 0.95 YES
(log(Myy),log(Lsg))(*) 0.56 | < 0.003 NO
(log(My), log(y)) 0.92 | <0.001| NO
(log(Myy),log(Rvy)) 0.27 | 0.19 YES
(log(L,g),log(oy))(*) 0.52 | <0.01 NO
(log(Lsg),log(Ryv.))(*) 0.29 | 0.16 YES
(log(oy),log(Ry..)) 0.05| 0.82 YES
(log(Mvy/Lsg),log(Ryy))(*) | 0.18 | 0.39 YES

pair S(589) | S[S89(D < 20 Mpc)]
(Myy, Myz) | 0.99 0.99
(Myru, Mp) 0.36 0.91
(Myy, Maged) | 0.59 0.91
(Myvu, My,) | 0.47 0.99
(MVT,MP) 0.19 0.70
(MVT,MMed) 0.36 0.91
(Myr,Ma,) | 0.59 0.99
(Mp, Mprea) | 0.72 0.91
(Mp, My,) 0.04 0.47
(Mired, Ma,) | 0.14 0.70

Table A.58: Pairwise KS test of different mass estimator distributions ob-
served in 589 and S89(D < 20M pc).
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Table A.59: List of 589 mass corrected for the evolutionary effect and
related parameters.

IL par. ] min. [ max. | mean I st. dev. ] median H

Q=02

log(My,) | 12.02 | 15.04 | 13.42 | 0.59 13.4113%3

T 3.54 | 21.44 | 6.01 2.50 5.613-32

a 0.03 | 0.69 | 0.40 0.17 0.459-39

W 0.73 | 17.76 | 2.15 2.85 1.121:3%
Q=1

log(My,) [12.17[15.09 [ 13.49 | 0.58 [ 13.501371

T 3.45 [16.93| 556 | 1.82 | 5.40%8!

o 0.02 | 0.65 | 0.36 0.17 0.39535

I 0.77 | 26.37 | 2.76 4.23 1.261%3

Table A.60: List of S89(D < 20 Mpc) mass corrected for the evolutionary
effect and related parameters.

“ par. ‘ min. | max. i mean | st. dev. l ‘median ”

0 =02

log(My,) | 12.02]14.13 [ 13.28 | 0.52 [ 13.321370

T 3.81 [ 21.44 | 6.51 3.54 575802

o 0.06 | 0.66 | 0.42 0.16 0.480-59

L 0.76 | 8.26 | 1.76 1.90 1.04132
N=1

log(My,) | 12.17 [ 1417 [ 13.34 [ 0.50 [13.38137%

T 3.67 [16.93 ] 6.05 2.62 5.54359

a 0.04 | 0.61 | 0.38 0.15 0.43049

L 0.81 |11.61| 2.18 2.74 1.1613¢
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Table A.61: Effect of the evolutionary correction: significance S of KS test
comparison between the observed and corrected distributions.

| 589 | S89(D < 20 Mpc)
0.2 024 0.91
1.0 | 0.04 0.70

Table A.62: Effect of 2 on the evolutionary correction: significance S of
KS test comparison between the corrected distributions obtained for two

values of 2 for S89.

par. | 589 | S89(D < 20 Mpc)

My, | 0.87 0.99
T 0.27 0.78
e 0.09 0.27

| 0.17 0.25
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A.6 Comparison among catalogues

Table A.63: Summary of statistical features of the mass distributions of
groups in different catalogues. The reported numbers indicate the decimal
logarithms of the masses in solar units.
cat. min. | max | mean | st.dev. | median Q1 Q3
G'H83 | 12.04 | 15.41 | 13.58 | 0.77 | 13.633%0 | 13.02 | 14.15
RGHS89 | 12.01 | 14.83 | 13.49 | 0.77 | 13.4513-99| 12.83 | 14.13
589 12.02 | 15.04 | 13.42 | 0.58 | 13.413352|13.08 | 13.81
T87 11.28 | 14.01 | 12.93 | 0.52 | 12.971307 1 12.61 | 13.28
V84 11.11 | 14.51 | 12.59 | 0.57 | 12.59127 | 12.31 | 12.87

Table A.64: The Kruskal-Wallis test significance S for the set C of whole
catalogues (line A) and within 20 Mpc from us (line B).

par. M T o Ty o Ry, R,
A |1 <1073 <103 | <103 | <107 | <10% | <103 | <1073
B <107 [ <10 | <1073 [ <103 <103 <10 3| <103

Table A.65: The significance S of the Kruskal-Wallis test for the set C;, s
of whole catalogues (line A) and of the KS pairwise test significance for

G H83 and S89 within 20 Mpc from us (line B).

par. | M T a Tv 0, | Rve R,
A 1020]0.13]0.13]0.13|0.490.20| <10°°
B 0.73 1 0.69 | 0.94 | 0.79 | 0.71 | 0.47 0.17
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Table A.66: The KS test for pairwise comparison between catalogues (here -

R89 stands for RGH89).

pair M T o Tv Ry, Oy R

14
GHS83,T87 | <1073 | <10% | <10™% | <107% | <103 | <107% | < 107®

GH83,589 | 0.03 0.84 0.39 0.41 0.04 0.59 |<107°

GH83,v84 | <107* | 0.02 0.04 013 | <107®*| <1073 | <107®

GHS83,R89 | 0.72 0.08 0.08 0.03 0.17 0.79 0.001

T87,589 | <1073 | <1073 | <107® | <10™®*| 0.002 | <107 | 0.52

T87,V84 | <1073 | 0.04 0.04 0.06 |<107®*| 0.03 |<107®

T87,R89 [ <1072 | <1073 |<10®|<10°®| 032 |<107%| 0.03

S89,v84 | <10~* | 0.03 0.005 0.03 | <107%* | <10®| 0.002

S589,R89 0.12 0.17 0.75 0.27 0.38 0.26 0.04

V84,R89 | < 107% | 0.001 0.001 | 0.002 | <107® | <1073 | < 107®

Table A.67: The KS test for pairwise comparison between catalogues within
20 M pc from us,

pair M T a Ty Ry, Ty R

P
GHS83,T87 | 0.005 | <10®| <10 [<10~®| 049 |[<10™°]| 0.88

GHS83,589 | 0.73 0.69 0.94 0.79 0.47 0.71 0.17

GHB83,v84 | <107% | 0.002 | 0.003 0.02 0.02 | <1073 | <10°®

T87,589 0.006 | <107®|<10™®*|<10™®| 030 |<10™*| 0.15

T87,v84 | <1072 | 0.03 0.01 0.096 | <1073 | 0.02 |<1073

S89,v84 | <107* | 0.049 0.03 0.03 107 | <107% | 0.15
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