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Stellingen behorende bij het proefschrift: "Galaxy Mergers' van
Nico Roos

Het merendeel van de “fatale" tegenwerpingen die Ostriker tegen
het merger model voor de vorming van elliptische sterrenstelsels
inbrengt, kunnen gebruikt worden als argumenten ten gunste van
dit model.

Ostriker, J.P. 1980, Comments on Astrophysics 8, 177.

De relatie tussen de bindingsenergie en de massa van stersystemen

zoals die voor elliptische stelsels bepaald is door Fish, heeft

een veel algemenere geldigheid dan meestal wordt aangenomen.
Fish, R. 1904, Astrophysical Journal 139, 284,

Met behulp van een geschikt waarneemprogramma kan op korte ter-
mijn bepaald worden in hoeverre activiteit in de kernen van ster-
renstelsels beinvloed wordt door de omgeving.

Het anthropisch principe is pas dan als een fysisch principe te
beschouwen als aangetoond zou kunnen worden dat de waarden van

fysische constanten noodzakelijke voorwaarden zijn voor het ont-
staan van levende wezens zoals de mens.

Het probleem vanhet solipsisme bij Nabokov komt onder andere tot
uiting in het veelvuldig voorkomen van het solus rex thema.

De Oost-West onderhandelingen over ontwapening hebben de afgelopen
decennia geen effect van betekenis op de (kern)wapenwedloop gehad.
In een dergelijke kritieke situatie getuigt het niet van politieke

realiteitszin eenzijdige ontwapeningsinitiatieven te blijven af~
wijzen.

Het "Presidential Directive 59" is een legitimatie op voorhand van
een offensief gebruik van kernwapens in Europa.

Leiden, 2 juni 1981,
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CHAPTER I
INTRODUCTION AND SUMMARY

This thesis contains a series of four papers (Chapter II to V)
dealing with the effects of interactions among galaxies during the epoch
of cluster formation. In Chapter II galaxy interactions are investigated
and the results incorporated in numerical simulations of the formation
of groups and clusters of galaxies. In Chapter III the role of galaxy
interactions is analysed in the more general context of simulations of
an expanding universe. In Chapter IV the evolution of galaxies in rich
clusters is discussed. The results of the investigations presented in
Chapters II to IV and their relation to other work done in the field are
briefly reviewed in section I.2. In Chapter V an attempt is made to link
galaxy mergers to the occurrence of activity in galactic nuclei. A short
outline of this chapter is given in section I.3.

The formation of galaxies and clusters of galaxies is by no means a
matter of consensus among astronomers. Even the hypothesis adopted in
this thesis, that galaxies were formed before clusters, is still a point
of debate. It seems therefore worthwhile to give here a brief description
of the general theoretical background of the investigations presented in
the chapters which follow. For a comprehensive review of the theoretical
and observational developments (since about 1930) on the subject of the
large—-scale distribution of matter in galaxies and clusters of galaxies

the reader is referred to a recently published book by Peebles (1980a).

I.1 Hierarchical Clustering

The distribution of galaxies and clusters of galaxies in the uni-~
verse appears to be remarkably homogeneous on scales larger than about
100 Mpc. On smaller scales, galaxies tend to occur in associations of a
few to thousands of members, in which the mean density increases with de-
creasing size. It is generally assumed that galaxies and clusters of
galaxies are formed via gravitational instability from small demnsity
fluctuations in the early universe. The spectrum of initial density

fluctuations is still unknown, but the simplest assumption, suggested
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by observations is that the spectrum of density fluctuations obeys some
power law 9p/p « M-a, where M is the mass centained in the fluctuation
and o ~ 1/3 to 2/3 (e.g. Gott, 1979; Rees, 1979). The lack of knowledge
about the origin and evolution of these fluctuations before the epoch of
recombination has lead to two opposing scenarios for the formation of
galaxies and clusters of galaxies. Dornshkevich et al. (1974) have pro-
posed and explored a scenario in which only fluctuations having a mass
IO13 - 1014 M0 (see, however, Press and Vishniac, 1980) are able to grow
before recombination., These protoclusters contract, cool and fragment in-
to galaxies and stars. An attractive feature of such a scenario, in
which galaxies form directly from gas clouds, is that a mass and radius
which are characteristic for galaxies follow from equating the cooling
and free fall times of gas clouds (Silk, 1977; Rees and Ostriker, 1977).
In the alternative scenario it is assumed that soon after recombination
gas dissipation is completed and galaxy interactions are purely gravi-
tational. Fluctuations in the mass distribution will then lead to the
formation of bound and virialised systems on progressively larger scales
(Peebles and Dicke, 1968; Press and Schechter, 1974). This hierarchical
clustering process accounts in a natural way for a number of basic
properties of galaxies and clusters:

(i) The luminosity function of galaxies in rich clusters does not
differ significantly (except perhaps at the bright end) from the
luminosity function in regions of low galaxy density (Schechter,
1974)

(ii1) The form of the luminosity function of galaxies is very similar
to the form of the self~similar mass function arising in a hier-
archical clustering process

(iii) The luminosity function of galaxies joins smoothly to the lumino-
sity (or multiplicity) function of groups and clusters of galaxies
{(Gott and Turner, 1976; Bahcall, 1979)

(iv) The clustering of galaxies has no preferred scale: the observed
two~point correlation function is well described by a single power
law for galaxy separations ranging from v 10 kpc to Vv 10 Hpc+.

Another interesting point noted by Peebles (1980Qa) is that the

*a value of Ho = 50 km z’.eo::_l Hpc:_l for the Hubble constant is adopted
throughout this thesis.
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galaxy distribution around galaxies, as derived fiom the two point
correlation function, joins smoothly to the mass distribution in-
side galaxies if the mean mass density of the universe equals

the critical density.

(v) Several characteristic pfopertiea of galaxy clustering such as
the two—- and three-point correlation functions and the multi-
plicity function can be reproduced in cosmological N-body si-
mulations (Miyoshi and Kihara, 1975; Aarseth et al. 1979).

The maximum scale of galaxy cluafering is larger than indicated
by the galaxy-galaxy correlation function alone. It has been shown by
Kiang and Saslaw (1969) and by Hauser and Peebles (1973) that the dis-~
tribution of Abell clusters is non-randown on a maximum scale of
80 - 100 Mpc. Recent observations of the large-scale distribution of
éalaxies using samples for which complete redshift information is avail-
able have dramatically confirmed the existence of such large structures,
often called superclusters (Gregory and Thompson, 1978; Einasto et al.,
1980). Clusters and superclusters appear to be separated by large re-
gions of space containing very few or n» galaxies. According to Einasto
et al. (1980) the galaxies outside rich clusters are arranged in thin
sheet-like structures connecting the clusters. They prefer an interpre-
tation of superclusters within the context of the scenario proposed by
Doroshkovich et al. (1974). Large voids between clusters and super-

clusters do not seem inconsistent with the hierarchical clustering pic-

ture and large empty regions have indeed been found in N-body simulations

(Aarseth et al. 1979), although the maximum scale covered in these
simulations is smaller than about 25 Mpc. Non-spherically symmetric
galaxy distributicns are expected as well in these large structures for
which the crossing time exceeds the Hubble time. However, systematic
sheet-like arrangements of galaxies outside rich clusters would ad-
mittedly be inconsistent with the hierarchical clustering picture.
Another problem posed by superclusters has been noted by Peebles
(1980a, §78. He points out that the mean excess density of clusters
within about 80 Mpc of tie centre of a rich cluster is larger than the
excess density of galaxies. This is not expected in the hierarchical
clustering picture and he concludes that "galaxies and clusters camnmot
both be good tracers of the large-scale mass distribution". Another
interpretation is suggested by the result, found in Chapter III of this
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thesis, that the probability for two neighbouring masses to form a

bound pair is proportional to their combined mass. This implies that the
ratio of themean number of clusters over the mean number of galaxies
around a cluster centre is given by

2Mc

NeelNeg = W 7, MMy
which is about Zﬁc/ﬁg s%nce the cluster mass M, is much larger than the
galaxy mass Mg. Here ﬂc and ﬁg are the mean number densities of clus-
ters and galaxies respectively, This is consistent with the obgerved
densities given by Peebles (1980a) in his Table 78,2 from which we find
Ncc/Ncg = 2.1 £ 0.6 nc/ng'

Additional support for the hierarchical clustering picture comes
from recent X-ray observations of distant clusters indicating that the
gas in distant clusters is cooler than in nearby clusters (Perrenod and
Henry, 1981).

In a purely dissipationless hierarchical clustering process sub-
structure is destroyed during the collapse of bound systems and clusters
would not contain galaxies. Dissipation must have played an important
role in the formation of the lumincus parts of galaxies. There is much
evidence that luminous galaxies are embedded in massive, dark halos (cf.
Peebles, 1980b). In an attractive modei White and Rees (1978) propose
that these halos are formed by hierarchical clustering while the visible
galaxies are formed dissipatively from gas falling onto the potential
wells of the halos. The luminous cores may survive in the subsequent
hierarchical clustering process due to their smaller cross section.
Thus, in this scenario, the epoch of cluster formation sets in when
the dissipational formation of galawies is completed. There are indica-
tions that this happened within about IO9 yr after the Big Bang (van
Albada et al. 1981). The characteristic size and mass of galaxies will
now also be determined by gas dynamical processes (see above). Moreover
the characteristic angular momentum of luminous disk galaxies can be
explained as the result of tidal torques if they have contracted by a
factor of about 10 (Efstathiou and Jones, 1979).

We may conclude that a combination of a hierarchical clustering
model for the dominant mass component in the universe with dissipational
formation of the visible galaxies offers a good starting point for
further investigations of the formation and evolution of galaxies and

clusters of galaxies.
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I.2 Galaxy Interactions and the Origin of Morphological Types

e -
S I

The flatness of the disks of spiral galaxies suggests that they -
were formed directly from cooling gas contracting mainly along its ro-
tation axis. The difference in structure and rotation velocity (Illing-
worth, 1977; Bimney, 1974) between elliptical galaxies and spiral ga-
laxies must mean that they were formed in different ways. Gott (1977)
v remarks in his review of recent theories of galaxy formation that
“"dissipationless collapse models can give a natural account of the dy- A
namical properties of elliptical galaxies (and spheroidal components of
spiral galéxies) relying on stellar dynamics alone", Thus, elliptical o
galaxies and the spheroidal components of spiral galawies may have
cluster formation. Toomre and Toomre (1972; see also Toomre, 1977) have
- argued that encounters between galaxies at low relative speed are very
inelastic and may lead to coalenscence of the two galaxies to form a
N stellar system.very similar to an'elliptical galaxy. Estimating the
- fraction of merger products from the observed fraction at tidally inter- )
acting galaxies they found a number ‘consistent with the over-all fraction
of elliptical galaxies. In rich clusters the relative velocities of the |/
galaxies is high, and Spitzer and Baade (1951) showed, using the im-
pulsive approximation, that collisions can hardly have affecééd the

stellar distributions of the galaxies in these clusters. One of the ob-

jections raised against Toomre and Toomre's model was that the fraction '%

.. of ellipticals in the central regions of rich clusters was higher than :
outside clusters.

In the first part of Chapter II the results of a systematic numer-—
. ical study of the effects of collisions between galaxies (consisting of i
28 to 94 particles) are presented. It is found that (identical) colliding |
galaxies will merge if the relative velocities are smaller than their
internal velocity dispersion and the impact parameters are smaller than
about twice their radius. In the second part of Chapter II collisional
effects are -incorporated in simulations of the collapse of some groups

and clusters of (initially identical) galaxies (N = 10-60). Most mergers

occur during the collapse of the clusters and the final fraction of
merger products is consistent with the observed fraction of elliptical

galaxies. Also,Athe fraction of merger products is highest im the
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central region of the clusters, in agreement with observations for
elliptical galaxies.

These results are confirmed in a series of papers on N-body simul-
ations of an cxpanding universe in which the (initially identical)
particles were allowed to merge (Jones and Efstathiou, 1979; Aarseth
and Fall, 1979; Chapter III). An important result of the first two pa-
pers is that the angular momentum of merger products is consistent with
the characteristic angular momentum of elliptical galaxies. In Chapter
1II much attention is payed to the clustexing properties of the merged
particles in the simulations. It is shown that the merging probability
of two galaxies is roughly proportional to their combined mass, in
agreement with the infall model by Gunn and Gott (1972). This probability
law also leads asymptotically to a self-similar mass function which is
identical to the mass function obtained by Press and Schechter (1974)
for self-similar hierarchical clustering in the case of a Poissonfan
initial density fluctuation spectrum. It is found that the observed
clustering properties of elliptical galaxies can be explained using this

probability law. The clustering properties of 50 galaxies indicate that
they form a class intermediate between spirals and ellipticals. In the
second part of Chapter III a model is investigated in which galaxies
are formed at z 3 10 as predominantly stellar, late-type, disk galaxies
having a mass function very similar to that at the present epoch.
During the epoch of cluster formation, growth of a spheroidal component
of galaxies due to infall of smaller galaxies, leads to an evolution
along the sequence (Sc - Sb ~ Sa) -= SO — E. The ratio (A) of the in-
fallen mass over the original mass should be comparable to the bulge to
disk ratio of galaxies in this model. The model prediction that the
fraction of early-type galaxies should increase with galaxy mass is found
to be consistent with observations.

Results of a numerical simulation of a rich cluster of galaxies,
starting witha realistic initial mass function, are presented in Chapter
IV. Mass segregation, segregation of morphological types (as defined
above) and tidal stripping of galaxies are discussed and compared with
recent observational data.

Merging of galaxies occurs inevitably in the hierarchical cluster-
ing picture. It appears that the merger model can explain in a natural

manner several observed properties of elliptical galaxies such as their
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frequency, mass function, clustering properties, characteristic rotation
and density profile (White, 1979). If ellipticals are the result of
mergers it seems difficult to escape the conclusion that the spheroidal
components of disk galaxies were formed by the same process.

Dissipation must have played some role in the mergers that took
place during the transition from the epoch of galaxy formation to the
epoch of cluster formation. A merger model for the formation of ellip-
ticals and the spheroidal components of disk galaxies including dissip-
ation has recently been proposed by Tinsley and Larson (1979) and by
Norman and Silk (1981). They argue that observed properties such as the
color-magnitude relation and the existence of metallicity gradients re-
quire a dissipational galaxy formation process and they propose that
spheroidal systems are formed in mergers of gaseous systems. Disks would
then have formed late during the epoch of cluster formation, and in rich
clusters disk formation would be inhibited, resulting in a high fraction
of elliptical galaxies. It is clear that the benefits of the dissipation-
less merger model, such as a clear distinction between disk and spheroi-
dal components, are not necessarily conserved in such a model. Also,
the observational evidence seems to favour a fast collapse (% 109 yr)
of the Milky Way (van Albada et al., 1981), It may therefore be useful
to investigate to what extent mergers between mainly stellar disk
systems (which are themselves formed dissipationally) can account for
or at least conserve those properties of ellipticals and the spheroidal

components of disk galaxies, which seem the result of dissipation.

I.3 Galaxy Mergers and Active Nuclei

Accretion of mass by a massive black hole seems a very promising
mechanism to explain the quantity and characteri-.ics of the radiation
emitted from the nuclei of active galaxies (Rees, 1978). Accretion rates
of the order of ]«Me yr—l are required to account for the energy output
of the most luminous active galaxies at the present epoch. This mass
could be provided by infall of intergalactic gas clouds (Gunn, 1979) or
gaseous dwarf galaxies (Silk and Norman, 1979), by stellar mass loss
processes, by star-star collisions in a dense stellar nucleus (Spitzer,

1971) or by tidal disruption of stars in the vicinity of the massive
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black hole (Hills, 1975). The latter process is particularly attractive
because it occurs very close to the Schwarzschild radius of a massive
hole and a large fraction of the gas may be swallowed by the hole.

Merging of galaxies is expected to affect the conditions in the
nuclei of galaxies (cf. Begelman et al. 1980). In Chapter V the effect
of a merger on the stellar orbits in the central region of a galaxy,
assumed to contain a massive black hole, is considered. It is argued
that perturbation of the stellar orbits by the intruding galaxy will
lead to an enhanced tidal disruption rate of stars near the black hole.
Assuming stellar densities similar to those in the central part of the
Milky Way (Odrt, 1977), this process could yield luminosities comparable
to those ohserved in Seyfert galaxies. The active phase may last 106
to 10 yr if the mass ratio of the merging galaxies is of the order of
1072,

This model allows an estimate of the fraction of galaxies that is
expected to be active at some level of activity, Comparison with ob-
servations is complicated by our limited knowledge of the total lumin-
osity function of active galaxies. In section V.4.2 an attempt is made
to estimate this function from available radic, optical and X~ray lu-
minosity functions. A standard radiation spectrum similar to that of

radio-loud ‘QS0's was used to convert the luminosities in the different

wavebands to total luminosities. The resulting total luminosity functions

are remarkably similar to each other, indicating that the different types

of activity may be manifestations of a basic mode of underlying activity.

The agreement between the model prediction and observed luminosity
functions is encouraging.

The evolution of a binary black hole formed by mergers of two
galaxies both containing a massive black hole is alsc discussed (see
also Begelman et al. 1980). If a massive binary is embedded in an ex-
tended, low density core, it cannot lose its orbital energy via inter-
actions with stars below a critical binary separation distance and a
long-lived binary may be the result. In section V.2.3 it is shown that,
for star densities similar to those in the central region of the Milky
Way, a massive binary may reach a separation small enough for loss of
orbital energy via emission of gravitational waves to become important,
resulting in merging of the holes.

Chapter V is very much a preliminary study of the implications of
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merging for active galaxies and the results are still teatative in
several respects. On the theoretical side the perturbation of stellar
orbits by an intruding galaxy should be investigated in greater detail.
High resolution (spectro-) photometric observations as may be provided
by thé Space Telescope, could reveal the structure of galaxies on scales

as small as a few parsecs.

1.4 Concluding Remarks

The dramatic effects of galaxy interactions are well illustrated
by the photographs in Voroatsov-Velyaminov's (1959) “Atlas and Catalog
of Interacting Galaxies" and by Arp's (1966) "Atlas of Peculiar
Galaxies". Toomre and Toomre (1972) first showed that many of the fea-
tures of these galaxies could be explained as the result of tidal inter-
actions between galaxies. However, for several years their cautious
suggestion that elliptical galaxies might be the endproducts of such
violent encounters, remained a relatively isolated alternative among
models for the origin of different galaxy types. In the last few years
this situation has changed. Galaxies can no longer be regarded as iso-
lated systems. Galaxy interactions and mergers between galaxies can
play a significant and sometimes dominant role in determining the

evolution, clustering and central activity of galaxies.
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CHAPTER II

Galaxy Collisions and Their Influence

N, Roos and C, A, Norman

Received July 6, 1978

Summary. We investigate the ¢ffect of collisions on the dynamics
and evolution of groups and clusters of galaxies. 1t is assumed that
galuxies are formed initially with massive spherical halos and
their subsequent evolution i3 studied using N-body simulations.
Firstly, individual galaxy-galaxy collisions are simulated fora large
number of impact parameters, velocities and masses with approx-
imately 30 point masses in cach culhdmg galaxy, Loss of orbital
Kinetic energy, merging criteria, increase of internal energy and
mass-loss from the galaxies are discussed, Secondly, the results of
these calculations are used in calculating the energy change and
mass loss of the galaxies in a cluster of 10-60 members. It is shown
that.in particular during the coilapse of a group or cluster of
galaxies.a considerable fraction of the galaxies merge and that
elliptical galaxies are good candidates for these merged systems.
Observational consequences are discussed for a number of
properties of groups of galaxies such as the occurrence of inter-
acting galaxies, the relative number and spatial distribution of
clliptical and disk galaxies, the formation of ~D-galaxies, and the
mass-to-light ratio of groups.

Key words: galaxy collisions - clusters ~ elliptical galaxies

1. Introduction

" As eariy as 1951 Spitzer and Baade pointed out that collisions

between galazies must occur frequently in the central regions of
rich clusters. Since then the possibility that galaxies are much
larger than their visible component has revived interest in the
palaxy collisions. Indications that galaxies have or have had

- massive halos are fairly convincing. Studies of individual galaxies

(Roberts and Rots, 1973 Hartwick and Sargent. 1977; Bosma.
1978), binaries (Turner and Ostriker. 1977). instabilities in disk
galaxies (Ostriker and Peebles, 1973) and of guluxy formation

" (Rees and Ostriker, 1977) give indirect evidence for the existence
- of dark massive hulos surrounding the visible parts of galaxies.

We can estimate an upper limit to the mass of these halos from
the mass of rich clusters of galaxies derived by the virial theorem.
This mass is about ten times larger than the mass present in the
visible purt or the galaxies. Recent studies (reviewed by Bahcall,
1977)indicate that this “missing mass'* does not consist of neutral
or ionized gas. but probably of some kind of clumpy material with

[ a very high M L-value (White, 1977). Another indication of the
slel‘lur nature of the missing mass comes from recent obser-
(; vations that the hot intracluster medium has approximately the

= Send offprint requests to: N. Roos

~ on the Dynamics and Evolution of Groups and Clusters of Galaxies

. Sterrewacht, Huygens Labo' storium, Wassenaasseweg 78, NL-2300 RA Leiden, The Netherlands

solar abundance and a total mass equal to that present in the
visible part of the galaxies (Malina et al., 1978). This suggests that
not only the visible mass of the cluster, but the total virial mass
was involved in producing this gas. Therefore we feel justified in
culculating collisions of galaxies with massive halos and studying
their effect on the dynumics and evolution of clusters of galaxies.

2. Galaxy. Collisions
2.1. Review of Previous Work

Both numerical and analytical approaches to the problem of
collisions between galuxies consisting of a number of point masses
huve been utilized, but it was only a few years ago that the first
selfconsistent N-body calculations of collisions between two
spherical galaxies were reported. In earlier calculations it wus
assumed that the over-all structure of the galaxies is not changed
during a collision thus restricting the applicability of these cal-
culations to velocities that ure much larger than the velocity
dispersion of the stars in the galaxies. Analytic calculations of
this kind were done by Alladin in 1965 (see also Sastry and
Alladin, 1977) assuming that the internal motions of the stars
within the galaxies may be neglected during a collision (the
“impulsive approximation™).

in the numerical work by Richstone (1977) collisions between
truncated isothermal spheres as described by King (1966) were
calculated. He calculated the orbits of the stars under the influence
of the gravitational field of the colliding galaxies. which were
assumed to be rigid. From his work.and also from the work of
Biermann and Silk (1977).it is evident that collisions must be
penetrating in order to give any significant changes in the internal
energy. They find mass losses and energy changes less than about
10", in the velocity region for which their assumptions are valid.
Structural changes of the galaxies during low impact velocity
encounters make a self-consistent calculation of the stellar orbits
necessary. Such calculations (Toomre, 1974, 1977; Lauberts,
1974) indicated that collisions can become very inelastic at low
velocities.

An axiaily symmetric model for the head-on collisions of up
to 2000 particle galaxies with a density distribution of an n=3
polytrope has been discussed by van Albada and van Gorkom
(1976). For low velocities highly inelastic behaviour is found and
in particular merging of the galaxies occurs at relative velocities
below 3.2 o where o is the internal velocity dispersion of the
galaxies (van Albada and van Gorkom, private communication).
They ﬁnd that loss of orbital kinetic energy decreases rapidly with
increasing relative velacity. Their code cannot accurately describe
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Fig. 1. Fractional change of the internal
50 k . energy of a galaxy after head-on collisions
between identical galaxies (1 =1 and 4—-4)
and of galaxy 1 after collisions with galaxy 3
“Qr 7 (1—=13) as a function of the relative velocity
N at minimum separation in units of the
0 - . I —~~~—__ < internal velocity dispersion of the galuxy.
~é 28 particles per galany were used in the
20 F calculation of the upper solid curve and 94
7 inthe calculation of the dushed curve along
the crosses. The squares are resuits oblained
nr - by van Albada and van Gorkom with
T 35 1% i s " - identica! n=23 polytropes (N = 1000)
—
Table 1 interactions and thus ¢ determine the time step. A PDP 11/45
was used for the calculations of the collisions.
Galaxy M Ry a N Weformed equilibrium galaxies by allowing an initial spherical
10 M, 100kpc 300kmas~! distribution of about 40 equal mass particles to evolve towards
dynamical equilibrium during several crossing times. The « used
t 14 0.4 0.80 28 was 10 kpc, about one quarter of the final radius of the smallest
2 10 03 0.75 29 galaxy. The trial and error method was used to find initial
3 7 0.22 0.75 29 conditions which formed galaxies with a runge of masses from
4 15 04 08 94

non-zero impact parameter collisions because both palaxies are
assumed to remain symmetric about the line connecting the two
centres of gravity.

White's calculations (1978) show that collisions between two
spherically symmetric galaxies in a parabolic orbit are strongly
inelastic as long as the mass distributions of the galuxies overlup
significantly at closest approach.

However systematic information on the effects of galaxy
collisions. especially for low collision velocities. is stifl lacking.
Clearly this information is necessary if one wants 1o estimate the
effects of collisions on the dynamics and evolution of clusters of
galaxies.

2.2, Description of the N-bady Simulation

The numerical code is a three dimensional A-bady code in which
the integration of the orbits is done with the same predictor-
carrector method as used by an Albada and van Gorkam (1977).
As usual in this kind of calculation the Newtoniuan potential is
modified from r~! to (P +¢%)~' % where ¢ is called the softness
parameter, in order to suppress large accelerations in close
encounters. The time-step is adjusted during a calculation so that
the changes in the velocities in one step will not exceed a chosen
small value. In our calculations the total energy of the N-body
system does not.change by more than a few tenths of a percent
during 2,000 time steps. For this type of simulation time rever-
sibility will not be sutisfled because the deviations from the ““true*
orbits grow quickly but the overall statistical properties such as
total energy, angular momentumn, and total momentum will be
conserved as discussed by Smith (1977). The calculation time was
found to depend strongly on the value of ¢ because short range
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250 km s~'. During galaxy formation those mass-points that had
enough energy to escape to radii larger than 100 kpc were thrown
out of the simulation. The final distributionissimilartoa truncated }
isothermal sphere (King, 1966).

The relaxation time is not very long for a system consisting of | ;

only 30 particles. We find no changes in the mean structure of the ]

0.5-2.010'* My and an internal velocity dispersion of about
7
b
i
i
1
:

galaxies during at least 10 crossing times which is about the time | :

we need to calculate a collision. However even afier 10 crossing
times the galaxies with & = 30 appeared to have fluctuations about
the equilibrium state accounting for roughly 107, of the potentiul
energy with v characteristic time of a crossing time. The amplitude
of these appurently radial oscillations tend to decrease with
increasing number of particles. In order to trace the effects of
these fluctuations we performed collision calculations with an
=94 gulaxy. The properties of the galaxies we used in the
collision calculations are displayed in Table 1. Columns 3. 4. and §
of this table gives the half-mass radius of the gaiaxies, the internul
velocity dispersion and the number of point masses of the galaxy
respectively.
These galaxies are then collided with one another for a lurge

number of impact parameters and relative velocities with an -

initial separation of about 400 kpc. The calculation is continued -

after the collision until the galaxies have had time to reach ' *

equilibrium again. After the collision, the loss of orbital kinetic .;
energy, the gain of internal energy, the mass loss and the change
of internal angular momentum is calculated for each galaxy. We
define the muss loss as the percentage of the total mass that can
reach a radius > 150 kpc, i.e. about half the mean intergalactic
distance in 1 dense group of galaxies.

2.3, Results and Interpreration

In this section we will use the symbols U and o for the internal |
energy and internal velocity dispersion of a galaxy. £. p, and r for
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Fig, 2. The ratio of the loss of orbital energy in collisions with p+ 0
over the loss of orbital energy in head-on collisions at the same
velocity. Open circles denote collisions at low velocity, filled
circles at high velocity. The crosses are results obtained with
galaxy 4

the orbital kinetic energy, the impact parameter and relative
velocity of the galaxies at minimum separation and Eq, po. and v
for these quantities measured at the initial separation of 400 kpc.

2.3.1. Change of Internal Energy of Colliding Galaxies

In a collision the internal energy of the galaxies increases due to
mutual tidal interaction. The short range tidal force is most
effective during the overlap of the two galaxies in a head-on
callision. At maximum overlap of two equal galaxics the inward
gravitational force on each particle becomes about twice as large,
resulting in a radial contraction followed by an outward splash
(Toomre, 1977). The radial oscillation that is excited will be
damped out quickly by violent relaxation leaving the galaxy with
a higher internal energy than before. The characteristic time scale
of the potential variation during a collision is of the order of the
collisional crossing tine or overlap time. The characteristic
response time of the galaxy to an extra gravitational impulse at its
centeris the free fall time. Thus we expect resonance-like behaviour
to occur in head-on collisions at collision velocities of a few times
the internal velacity dispersion of a galaxy.

The solid lines in Fig. 1 give the fractional change of the
internal energy of galaxy ! in head-on collisions with itself (1 —1)
and with galaxy 3 (1—3) as a function of the collision velocity in
units of its internal velocity dispersion. The crosses along the
dashed line are results obtained with galaxy 4 (N=94). The black
squares are results obtained by van Albada and van Gorkom
(1978). There are several things to note in this figure, First, there
is a very close agreement between the dashed line and the cal-
culations by van Albada and van Gorkom with N= 1000 galaxies.
The agreement between these results and the solid line 1-1 is best
for higher velocities. At velocities 23.5 ¢ the dashed curve shows
a fall off proportional to v=? as predicted by the impulsive ap-
proximation.

The discrepancy between the solid line and the dashed one is
caused by the fluctuations around the equilibrium state that
galaxy 1 exhibits. Each collision calculation starts at the same
initial separation and a galaxy always starts at the same initial
phase of its radial oscillation. Hence, the phase at the moment of
collision depends only on the initial velocity of the galaxies.

When a galaxy is contracting at the moment of collision this
contraction will make the induced contraction stronger and 4U/U
larger. Similarly.at different velocities a minimum will occur if the
collision occurs in an expansion phase. In this way the oscillation
of the solid line 1-1 around the dashed line reflects the oscillatory
behaviour of galaxy 1.

The increase in the internal energy is accounted for by a loss
of orbital kinetic enrrgy of the colliding galaxies, and at velocities
lower than 3.1 o the galaxies merge. Note that this corresponds
to a relative velocity at infinity of about 1.2 ¢ (Sect. 2.3,5),

The solid line 13 in Fig. t shows the change of internal
energy that galaxy 1 undergoes as a result of a collision with
galaxy 3 which is about half as massive and half as large, AU/U is
now about half as large, as expected on the basis of the impulsive
approximation, However galaxy 3 undergoes roughly the same
change in internal energy as in a head-on collision with itself. The
reason is that during a collision with galaxy 1, galaxy 3 feels the
same amount of mass within its radius as in a head-on collision
with itself, We adopt the following relation for different masses

(AU =32 (avjv),
1

or, using
U= --iMo‘:‘
AU":AU; (‘)

in the case where 0, =¢, and M, =z M,, while

(AUJU), =0.5 (ﬂ)l : @)

v
for
vzisae.

We now turn to the p+0 collisions. Since we will not have
such a strong radial contraction in these cases the differences
between the N=94 and N =30 galaxy collisions will become
smaller, It is not simple to isolate the v- and p-dependences of the
energy changes, especially since the variations with velocity are
complicated by the radial oscillations of the N =30 galaxies, The
ratio of the loss of orbital kinetic energy at a particular impact
parameter p and velocity v to the loss at the same velocity with
p=0is plotted versus p on Fig. 2. The data cover a small range of
collision velocities 3o <v<4.50, but the collisions with high
velocity (filled circles) and low velocity (open circles) do noi have
systematically different values of AE, which we assume has the
form

AE(p.v)=f(plg(v).
A reasonable linear fit is given by
AE(p.v)=AE(p=0,v) (1 -p). Q)

The dependence of AU on impact parameter now follows since
4V and AE must have the same p-dependence (sce 2.3.6).

The critical velocity, v, the largest velocity for which
merging occurs, decreases with increasing p. In Fig. 3 values of
the velocities and impact parameters for some mergers are given.
These points all lie slightly below v,,,,(p). In order to account for
the small differences in internal velocity dispersion the velocities
have been normalised to the average velocity dispersion of the
two merging galaxies. The p-dependence of the critical velocity
can be approximated by the following linear relation:

veu(P)=3.1(1-04p), p<R, @
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Fig. 4. Fractional increase of internal energy and mass-loss for
galaxy 1 gfter collisions with an identical galaxy

where p is given in units of 100 kpc and R, is the galactic radius.
Note that there seems to be very little or no dependence on the
mass-ratio of the colliding galaxies.

_2.3.2. Mass-loss

The actual amount of mass that is lost from a galaxy after a
collision depends on the average number density or the average
separation of the galaxies in the neighbourhood of the collided
galaxy. This average separation is approximately given by

S=R/N (3)

where Ris the radius of the system of galaxies, and N is the number
of galaxies of the system. Since we want to apply our results to
groups of galaxies with R~2 Mpc and N ~ 50 we define mass-loss
in a collision as the fraction of the stars of a galaxy that is capable
of reaching a radius >4 R/N'"* =150 kpc. With this definition we
might underestimate the mass-loss from galaxies in a cluster
through collisions because after a collision the galuxies expand

and it will be easier to strip the outer parts of such a galaxy in a
second collision.

24

In general AM/M an¢. AU/ U behave similarly as a function of
the collision velacity (Fig. 4). There seems to be no significant
dependence of (AM/M)(AU/U) on the velocity. Taking averages
over different collision velogities it appears that {(AM/M) is
slightly larger than 1/2{4AU/U ) in the cases 1 -1 and 1 -2 and
slightly below 1/2{AU/U ) in collisions between galaxies 2 and 3
which have smaller radii.

Sastry and Alladin (1977) have noted already that

{AMIM>[KAUIUS
might be lurger for p=+ 0 than for head-on collisions, We find:

{AMIM»=(045+02){4AU/U) for 0<p<03R,
and,
{AMIM»=(07£04)<4U/U) for p>03R, (6)

Of course we have to treat mergers separately (see Fig. 4). For
mergers we find roughly (with our definition of mass-loss)

<Mmllll'>=M|+iM=‘ MIQMZ- (7)

If M, =M, both galaxies will lose ~1/4 of their muss, while in
the case M, » M, galaxy | will not be perturbed very much, but
galaxy 2 will lose about half its mass.

Equation (7) is certainly a very rough estimate because the
mass of the merger will depend on the relative velocity at infinity
and probably on the impact purameter, The velocity dispersion
of the merger is about the same s the velocity dispersion of the
merging guluxies. When the energy of the lost mass is about zcro
we cun write:

where

1 MM, .,

Umn.r'= Ul + Uz+5 M‘ + M, [

or

1 MM,

IM+M;

-1 M0’ = —!,- M,o? —% Mo+

2
5 7

or

MM, 2
M,“"'"=M|+M;—-—‘-—z- %

. 8
M, + M, & ®)

As we will see in Sect. 2.3.4 merging takes place at relative
velocities at infinity lower than about 1.2 ¢ so whenever a merger
takes place the mass of the merger will lie between M, and
M, + M, where M, 2 M,. This might explain the average value
wefindin Eq. (7). Wecould also use asa crudeapproximation of (6)

aMiM=0.5 AUV,
which means with Eq. (1)
AM,=AM;,

In the velocity region around v = 3.5 ¢ (ind small p) this will be
about 1/4 of the mass of the smallest galaxy. This gives for the
sum of the masses of the galaxies after the collision. M, +1/2M,,
where M, z M,.

2.3.3. Structural Changes of the Galaxies

Figure 5 shows the total mass M(R) inside radius R as a function
of the radius for galaxy 1 before and after collisions with an
identical galaxy. There are indications that the outer parts lose
more muss than the central parts. Figure 6 shows the mass
distributions for galaxy 1 and some mergers of galaxy 2 with its
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twin. Mergers tend to have a higher central density than the 2.3.5. Relation between (p,v) and (p,v),,
unperturbed galaxy, a result that isin agreement with White (1978).

We need two relations connecting the collision parameters at
1ifinity and at the moment of closest approach. The first one is
234, Transfer of Angular Momentum ..givén by (9). This relation breaks down when the inelasticity is
: . Incoilisions where the loss of orbital kinetic energy was not very  very large. A second relation can be derived easily for head-on
© large the relation collisions if we assume that the galaxies do not change during the
pr=p.v. ©) collision. This relation states that the kinetic energy at infinity is
o equal to the sum of the kinetic energy and the extra potential
I was valid to an accuracy better than 5%, which means that the loss energy 4¢ that the galaxies feel when they are overlapping. When
i . of orbital energy and consequently the loss of orbital angular the masses are equal we get
momentum occurs mainly after the two galaxies have reached
minimum separation. Our small particle number galaxies do not My =i M, +149]
allow us to make explicit statements on the rotational structure of  |4¢|= [4d, | +1d il =2 Ma?
the collided galaxies, but a large portion of the lost orbital angular
momentumiscarried away by the particlesthat are “lost” fromthe  5°
galaxies. Alsoin the case of merging, a large fraction of the orbital ? =842 +vi. (10)
angular momentum is transferred into the outer parts of the . .
galaxies. The central parts are brought together with much lower When two unequal mass galaxies are overlapping (oy=03,
angular momentum per unit mass so that the angular momentum M1 2 M;) we have (see Sect. 2.3.1)
per unit mass of the final merger will increase with radius. 141\ =14 D3l = M3,
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Equation (10) then becomes
v=4(1+ My/M )07+ {n

Let us assume that when p%044¢ has to be multiplied by some
function f(p):4¢(a)=A¢{(p=0) x f(p). This gives

=41 =M,/ M) (p)+ k. (12)

The facwor £ is plotted versus g in Fig. 7 for a large number of
collisions, First of all we see that in the case p=0, f(p) is some-
what larger than expected on the basis of Eq, 11, The reason for
this is that it was assumed in the derivation of this equation
that the galaxies were rigid during a collision. |4¢| and therefore
v will be somewhat higher in those cases where the galaxies under-
go a significant contraction during the collision. When ¢ is close
to the critical velocity {the circles in Fig. 8), the inelasticity is
already very strong and reduces v. For large impact parameters
the resonant behaviour disappears and we see that the scatter in
Fig. 8 is much smaller in this case. A good fit to all the points in
Fig.8is

J(P=1.1(1-05p/R)). P<R,.

For large velocities (v, >40) the function will probably look
more like

S(p)=1-04p/R,.

v<4o,

2.3.6. Loss of Orbita: Kinetic Energy

In Fig. 6a the dependence of the fracticnal change in orbital
kinetic energy measured at a separation of 400 kpc on ¢, and p,
is shown for collisions between identical galaxies. Figure 6b shows
AE|E, for head-on collisions of galaxy | with galaxies 2 and 3 and
p#*0 coliisions of galaxy 1 with galaxy 3. Velocities, fractional
energy changes and impast parameters at infinity can be calculated

using
2 =13-054 a* (1 + M,/M,). M2 M,.

Now let us analyse some of the characteristics of these figures.
Because the totai energy in the system of the two colliding galaxies
1s conserved we have for the decrease in the orbital kinetic energy:

AE=AU,+4U,. (13)
This relation together with (1), (2), and (3) yields
1.50)? a?
AE[Eg = e (1-0.8 p/R,)(l+M1/M‘)L‘-z—-. (14)
\0)
26

with M, 2 M;,and R, the radius of galaxy 1. Note that (12) can be
used to calculate v. At high velocities the dependences on the
mass-ratio and impact parameter explicitly shown in (14) give a
good explanation of the behaviour of 4E/E; shown in Fig. 6. At
low velocities (v $20) the first term in (12) becomes important
reducing the sensivity of AE/E, to M,/M, and p. Neglecting the
second term in (12) and using p=p,/2 we find for AE/E,; at
velogities close to the critical velogity

3 1-04py/R,
EASE Sud .l LA 5
R 102 po/R, (15

This explains why the critical velocily measured at the initial
separation is only a very weak function of M,/M, and p, Galaxies
therefore have a large cross-section for merging.

Since AE/E, will have the same valu¢ at the critical velocity,
we find

1-0.4 po/R }“*
Werit =1, 0/ %)
5 (p) 166{———1_0'2%/& v PoS2Ry

Equation (14) suggests further that

AE[E,=

14

o PV =L =0) {u—o‘spm,)(‘—%i‘i)} (16)

This is not a bad representation of the data given in Fig. 3,
Calculations with a larger number of particles suggest that a value
of 3.2 ¢ for the critical collision velocity in head-on collisions
between equal galaxies is probably better than 3,1 o, This value
corresponds to vg= 1,60, or v, =1.2¢. A smaller softness param-
eter might give a critical velocity that is even a few percent higher,

3. The Evolution of Groups and Clusters of Galaxies

3.2, Introduction

In Sect. 2 we have shown that at low relative velocities, collisions
between galaxies will have strong effects. Such effects have not
been included in previous work on the dynamics of ciusters of
galaxies, We will show here that collisions between galaxies might
explain several observed features of groups and clusters of
galaxies if galaxies are formed with massive halos. lu:tially all
our galaxies have a mass of 1,4 10! M and a radius of 80 kpc.
Galaxies in groups and clusters will have about this mass if all
the mass of the cluster is bound to the galaxies. We further assume
that all galaxies in a cluster are formed before the region of the
universe to which they belong reached maximum expansion.
When the calculations are started the clusters do not have any
systematic radial motion.

3.2. Description of the Calculation

The same code used for N-body collisions in Sect. 2 is used here
but with a larger softness parameter. This is an important param-
eter in the code since our galaxies must not behave like point
masses at small distances thus reaching high collision velocities,
If £ were chosen to be too large the velocity at the moment of
collision would be underestimated and the effects of the collision
overestimated. We have adopted ¢=25 kpe. This value will give
collision velocities for head-on collisions that are a bit too large,
but it is a good approximation for larger impact parameter
collisions which are probably the most numerous.

Touse the results of the galaxy collisions ina cluster calculation
we have made some model fits to the data. It is not necessary to
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Fig. 8a-f. Projected distributions of the galaxies after the evolution of the models. The scale is the same for al} pictures. (Fig. 12a)
Crosses are galuxies. big dots are merged galaxies, big dots in circles are multiple mergers and small dots are background particles

stripped from the galaxies. The time unit is 6.6 10° yr
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Table 2
Model Ny Ry {pe) t ) {R)w a Oy Ny Nt Ny
© mpc 10" 6.610° 100 kpe 300 kms™! %
g/em® yr

1 10 1.0 2.5 1 38 1.2 25 8 8
2 107 0.6 25 8 8
3 11.5 0.9 28 7 15
4 18.4 0.67 33 6 16

2 45 2.0 1.4 1 5.1 2.1 10 41 18
2 14.3 1.2 29 35 41
3 19 125 1.0 0.9 30 kk) 49

3 60 2.5 096 1 9.7 19 1 54 22
2 12.7 7.2 1.25 1.18 20, 50 47

4 30 2.5 0.5 1 13.3 1.0 0 30 2
2 6.8 1.5 4 28 8
3 144 0.8 11 27 15
4 16.8 131 0.9 0.85 1 27 15

use exact data for each collision since we are mainly interested
in the over-all effects of collisions in & cluster calculation.

For the critical collision velocity at zero impact parameter we
adopt

Leu{p=0)=700 kms ™!

For the dependence of the critical velocity on the impact parumeter
we use Eq. (4).
The loss of orbital kinetic energy is approximated by

AEJE=0.1 (1~ p/80 kpc). un

If p>80 kpc or r>1000 km s~! the collision is inelastic. To
calculate the mass-loss in the case of a merger we applied (7) and
in the region 700 <t <1000 km s~! we used AM, M =0.25, The
calculationisstarted by choosing random positions for the galaxies
in a sphere of radius 1 S R;<2.5 Mpc according to a density
distribution of the form n{r)xr*(1—r;Ry). This density distri-
bution has a maximum in a spherical shell at a distance of 2 3 R,
from the cluster centre. During the collapse this shell breaks up
into subclumps (see Fig. 7a) which merge into cne cluster. The
initial velocity distribution is Maxwellian with a small velocity
dispersion of 60 km s ~!. Initially galaxies are further than 300 kpc
apart. In every collision the total momentum of the centre of mass
of the two galaxies is conserved. The mass-loss that a galaxy
undergoes is stored until it exceeds one-quarter of the initial mass
of the galaxies. A background particle having this mass is then
created and sent away radially from thiz parent galaxy in 2 random
direction starting from a distance of 150 kpc with a velocity which
we choose to be 60 kms ™',

During tiie evolution of a cluster the total energy must be
conserved i.e. the sum of the potential and kinetic energies of the
point masses and the internal energies of the galaxies. We are
unuble to treat mass- and energy-losses in a completely consistent
way because of our lack of knowledge of the structure of the
galaxies after a few collisions. We realize that our choice of
treating mass-loss is still rather crude and that a different choice
might influence the final mass-distribution of the cluster.

The maximum number of point masses in these calculations is
larger than in the coilision calculations so the IBM 370 158
machine was used for this part of the work:

28

3.3, Results and interpretation

A sequence ol 4 models wis run with an initial radius lying in the
range 1-2.5 Mpc and with N galaxies. where =10, 30. 45, und 60,
randomly distributed in the initial volume as described in the
previous section. The results are given at different epochs tor
these models in Table 2, The first four columns give the properties
of the models at 1=0. Columns 6 and 7 give the average distance
to the cluster centre for all the palaxies und the merged galaxies.
Columns 8 and 9 give the velocity dispersion for all the galaxies
and lor the merged ones, Columns 10. 11. and 12 give the per-
centage of mergers, the total number of galaxies and the number
ol background particles. For comparison. we did the sume cal-
culations for the case of elastic collisions. It is clear thet in each
simulation collupse has occurred. From previous N-body cal-
culations by Peebles (1970) it is known that virialisation occurs
after approximately twice the collapse time starting from maximal
expansion. The collapse and virialisation times are proportional
to pg ' 2 where py is the initial mass density. Consequently model |
is expected to reach virialisation first. At the end of the caleulation
models 1 and 2 have entered the virialised regime. Models 3 and 4
are approuaching this virialised state. Projected galuxy distributions
for model 1, 2, and 3 are given at various epochs in Fig. 8.

1.3.1. Number of Mergers and Strongly Interacting Binaries

The percentage of mergers us a function of time is given for the
four models in Fig, 8 with timescales proportional to the collapse
time of model 2. [t can be seen that merging occurs predominantly
during the collupse. After the collupse mergers are about 20", of
the total number of galaxies. There is only a slow increasc in the
number of mergers after collapse because the velovity dispersion
of the galaxies increases and thus the probability of mergers
which depends on low velocity collisions. decreases. The model
predicts 4 maximum in the number of interacting binaries in the
collapse stage of 4 group or cluster while the resulting number of’
merged guluxies is still small. 1t may be possible to check this
observativnally. the decay of the orbit of the two galaxies that
will eventually merge can tuke =2 10 yr. but the stage in which
the two central parts are merging together will only lust a few
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" Fig, 9. Percentage of mergers as a function of time. The timescales
" are normalised in such a way that at each time the models are at

: _ the same stage of collapse as model 2
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Fig. 10. Mass-distribution for the galaxies at the end of the cal-
culation using models 2 and 3. The dashed area is the distribution
for the merged galaxies

" Table3

) No=60 No=45

; (Nuwd (% mergersd) (N (¥ mergers)
{.0<R<0IMpc 105 45 117 38

i 07<R<10Mpc 85 29 8 x}

| 1<R<30Mpc 305 65 157 93

. Tomwl 19% 24%,

5

i times 10° yr, so the percentage of interacting binaries that one

{. cansee might be very low. The percentage of mergersafter collapse
k seemstodepend only slightly on the density and agrees remarkably
% well with the percentage of ellipticals that is found in regions of

¢ different galaxy density (Bahcall, 1977). The results in Fig. 9 can

T,

L T S R

be understood on the basis of the following simple estimation.
The mergers are formed during collapse of the cluster while the
dispersion of the galaxies in the cluster is still smaller than the
internal velocity dispersion of the galaxies. Starting with a velocity
dispersion of about zero the time needed to accelerate the galaxies
to o in a cluster mass M,,, radius R, density p,, is

Rz <l 3o

M=mg——et = 29
GM a 4 nGded

The total number of mergers formed in this interval divided by the
total number of galaxies is approximately

%:collision rate x At
For the collison rute we can write
collision rate=£5L (2 R,

MI

where n(2R,)? is taken for the cross section of a galaxy near the
critical velocity. This is based on the results of 2.3.6. Putting these
estimates together and using for galaxies mass M,

M=2R

G
we get

Nu 3R,
NRL (18)
This is of course a rather crude estimation but it shows that the
percentage of mergers will be of the order of 20%, after the collapse
of a cluster and that this percentage does not depend very much
on the densny of the cluster. The results presented in this section
show that it is certamly possible to explain the overall percentage
of elliptical galaxies via the metgmg picture as first suggested by
Toomre and Toomre(1972). The actual percentage we have found
probably depends on our initial conditions but it is not powble
to prevent a conuderable fncuon of the gahmes from merging
during the formation of groups md clusters if galaxies are formed
wnhmawvehalns Elhptlulgallnuarelhemolﬂlkelycandldam
for these merged systems. In a subsequent paper the dependence
of our results on the initial conditions will be mveuugnled

One might think of a scenario for the evolution of galaxies in
which the gas lost from the stars in the massive halo during stellar
evolution falls to the centre, dissipates its energy and settles down
inarotatingdisk whenthe halohasjustasmallamount of rotation.
When two such galaxies merge the central luminous disk will be
brought together and will also merge.’ We speculate that the
parameter which may most strongly determine the ellipticity of
the final merger is the angle between the disks of the two merging
galaxieswwe(hemuﬂonoflhemﬂlednhmumllbedetermmed
by the orbital anguln momentum of the colliding galaxies and
their spins. Most of the orbital angular momentum will be trans-
ferred into the outer parts of the merger so thyt it might be
possible to exphin the low rotational velocities of elliptical
galaxies in the merging picture (lllingwonh. 1977). It seems likely
that the central luminous part of the merger has a lower gas
content than the disks from which it was formed because the
relative velacity of the two disks during a merger is high enough
to heat the gas in the disks to temperatures of 107 K if cooling is
not important. This hot gas will quickly expand into a much
larger volume than it occupied before the collision.
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3.3.2. Distribution of Galaxies of Different Morphological Type

From Table 2, but also by visual inspection of Fig. 8 we see that
the distribution of merged galaxies has a smaller mean radius than
the whole system of galaxies. This type of segregation is also
observed in clusters of galaxies between elliptical galaxies and
disk galaxies, despite the fact that the elliptical and SO populations
are often taken together (van den Bergh, 1978). Table 3 shows
how the composition of our models 3 and 4 changes with distance
to the cluster centre, The averages are taken over a few models
that have the same initial parameters but different random
numbers for the initial velocitics and positions.

Because ellipticals should occur mostly in collapsed regions
and because their distribution will have a smaller characteristic
radius the amount of clustering of ellipticals must be higher than
that for spirals, Davis and Geller (1976) give supporting evidence
for such an effect in the two-paint correlation function for ellip-
ticals. Besides the spatial segregation between ellipticals and other
galaxies there is some indication of velocity segregation in the
observations (van den Bergh, 1978; Moss and Dickens, 1977). In
agreement with these observations the merged galaxies in our
model tend to have a somewhat smaller velocity dispersion than
the other galaxies.

We conclude that merged galaxies are more strongly bound in
a cluster than the other galaxies. In our model this is not caused
by two-body relaxation ot dynamical friction, The average mass of
the mergers is not much larger than the average mass of the
other galaxies (see Fig. 10). Merging occurs among low velocity
galaxies in high density regions where the collision rate is high.

Multiple mergers occur preferentially in the central regions of
clusters and groups (see Fig. 8) and we associate such cases with
giant ellipticals and c* galaxies. It is understandable that ¢cD's
can occur in groups {Albert et al., 1977) as well as in rich clusters.
Because clusters are probably formed through merging of sub-
clumps (White, 1977) which often have a multiple merger in their
centre, cD's need not be found right in the centre of rich clusters.

Qur prediction that interacting: galaxies should occur pre-
dominantly outside collapsed regions where the percentage of
ellipticals is low is in agrcement with Thompson's observation
(1977) that ring galaxies lie preferentially outside rich clusters (if
one adopts the interpretation of ring galaxies by Lynds and
Toomre, 1976).

3.3.3. Background Material

Table 2 shows that at the end of the calculation the stripped mass
amounts to only 1/4 of the total mass. This stripped mass has
about the same radial distribution as the unmerged galaxies, but is
slightly more centrally concentrated. We have already noted in
2.3.1 that we have probably underestimated mass-loss. The
distribution of the stripped mass in our model 3 is slightly more
centrally concentrated than the distribution of the unmerged
galaxies. The total mass within 0.5 Mpc of the centre isabout 10%,
higher in the inelastic case than in the elastic case. This might have
consequences for the X-ray morphology of clusters of galaxies.

In Fig. 10 the mass-spectrum at the end of the calculation is
shown. The differences in mass have not become large. During the
merging process just a small amount of mass is gained, but merged
galaxies also lose mass through collisions with other galaxies.
The model predicts that merged galaxies are embedded in con-
siderable amounts of stripped mass,
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3.3.4. M/L-values

In applying the virial theorem to poor clusters or groups, a large
part of the stripped mass might be missed when the radial distri-
bution of this matter is broader than the radial distribution of the
galaxies. This would lead to a lower M/L-value for these systems.
At present our results only give hints in that direction,

Several authors have noted an increase in the M/L-value going
from groups of galaxies to rich clusters. Gott and Turner (1977)
studied a sample of 39 groups of galaxies and discuss several
important difficulties in extracting M/L-values for them such as:
a) low number of galaxies with known redshift, b) contamination
by foreground and background galaxies, ¢) projection effects, and
d) non-equilibrium effects. They found a muss-to-light ratio for
groups that is about a factor 2-3 smaller than for rich clusters,
Rood and Dickel (1978) have completed an extensive study on the

M| L-values for groups and they have found correlations of the
form

M/Lx V'R,

But, as pointed out by Turner and Sargent (1974), such a relation
can easily be created in an artifical way when the virial theorem is
not applicable, Application of the virial thecrem gives of course
the wrong results if; spurious galaxies are counted as group
members or the group has not yet collapsed or virialised.
Turner and Gott (1976) point out that on the averagethe groupsare
just entering the virialised regime, Many of these groups might
still be in their collapse stage. Application of the virial theorem to
groups of galaxies especially to loose groups is therefore very
uncertain. Gott and Turner (1977) found that {M/L) =200 for
groups with L> 10 L* and {M/L) =65 for groups with L<10 L*,
where L*=3.4 10'° L. They note that this might correspond to

the larger portion of spirals in the low-luminosity groups, This ;.

agrees with the difference they found between the M/L of the early

type(E, SO)and thelate type(S, Sb, Irr) population in their groups ! *

{M|L3g s0=136150
<hl/l'>5p.llr='6‘l +21.

This might of course mean that the M/L of individual galaxies in
the two classes differs by a factor of about 2, but this would be in
contradiction with the most recent information on M/L-values for
galaxies of different types from Dickel and Rood (1978). They find
no difference in the M/L-values for spirals and for ellipticals. An-
other interpretation is now possible on the basis of the results
presented in this paper, namely, that the low-density spiral-rich

-

regions such as loose groups tend to give low M/L-values because . ~

these regions have not yet undergone collapse.

4. Conclusions

Our principal conclusions are as follows:

4.1. Galaxy Collisions

(i) Galaxy collisions tend to be strongly inelastic at collision
velocities smaller than 4.5 ¢, and minimum separation smaller -

than the radius of the largest colliding galaxy.
(ii) The criterium for merging to take place between two
galaxies with equal internal velocity dispersion o is

1/4
vgs.luu—o.sp/k,)(‘—#’—‘), M,SM,, pIR,<!
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for the collision parameter at the moment of cotlision, or
o S110(1—025p/R),  pulRy<2

~ for the collision parameters measured at infinity, Here, R, is the
radius of the largest galaxy.

(ii1) At higher velocities the loss of orbital kinetic energy is-

given by (14).

. 4.2, Evolution of Groups and Clusters of Galaxies

o (i) During the collapse of clusters merging takes place which
: can result in =20% merged galaxies after collapse. After collapse
.= " the percentage of merged galaxies rises only slowly.
- (il) Multiple mergers can be found in the subclumps that form
-1« before the collapse of the cluster and afterwards in the central
- -7t region of the cluster,
S (iii) There is a clear increase in the percentage of mergers
. towards the cluster center,
- f* We regard _points (i), (ii). and (iii) as strong support for the
-~ idea of Toomre and Toomre thai elliptical galaxies might be the
-~ ? - remnants of merged guluxres Giant” ellipticals- ‘and <D’s mrght
very well be the products of a muitiple merging process.
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CHAPTER III

~ N. Roos

Reecived My 30, 1979: uecepted July 30, 1980

: ' Summary. Expanding universe models containing 400 equal mass
- galaxies are numerically simulated and the effects of galaxy
%, collisions are specifically included. Initially the galaxies are
" distributed at random with low velocity dispersion relative 10
. the Hubble flow, The merging rate is insensitive to galactic
Parameters since most mergers occur hetween galaxies in bound
orbits, The final fraction of merged galaxies is found to be
& approximately {0-40", in both the open and closed universe
=" muodels. Both galaxy clustering and the evolution of the galaxy
.- mass function scem consistent with a simple infall modcl. The
“+  clustering properties of merged systems in the simulations are in
agreemnent with those observed for bright clliptical gafaxies. The
. clustering properties of lenticular galaxies suggest that they form
a class intermediate hetween ellipticals and spirals, The mass
function cvolution is investigated further by Monte Carlo
"~ simulations on a randomly distributed system of galaxies where

" the merging probability of a pair of galaxies is chosen to be pro-
* portionil to their combined mass. Such a merging probability,
%7 consistent with the results of the expanding universe simulations,
gives a mass spectrum thut approaches a self-similar form identical
5 to the Press and Schechter mass function in the case of random
initial fluctuations. 1t is also consistent with the infall model. Iy
" is proposed to identity the bulge 1o disk ratio parameter with the
ratio of the infallen mass to the original mass. It is shown that
the observed frequencies of different galaxy types as a function
of mass and local galaxy density can be modelled in this way.

Key words: cosmology - merging — galaxy types

1L Introduction

. Galaxies can interact strongly and this fact must necessarily be
incorporated ito most investigations of their properties. This
paper presents the results of numerical studies concerning the
* ¢ffects of galaxy collisions on the formation. cvolution and
3+ clustering of galaxics. Our aim is to clucidute uand extend current
i, models of galaxy formation that invoke galaxy mergers in an
- expanding universe.

: The general technique sdopted here and in recent work (lores
¢ and Efstathiou. 1979, hereafter JE and Aarseth and Fall, 1980,
« herealter AF) is to utilize studies of individual galuxy-gataxy
collisions (Van Albadi ind Van Gorkom. 1977: White. 1978:
Roos and Norman. 1979, Paper 1} and incorporate the relevant
“ collisional cross-sections into standard expanding  universe

i’:r“cﬁﬂgx“:gﬁwﬁqféw 2

Merging of Galaxies in an Expanding Universe

Sterrewacht, Huygens Laboratorium, P.O. Box 9513, 230 RA Leiden, The Netherlands

calculations (Miyoshi und Kihara, 1975; Aarseth et al., 1979;
Turner et al., 1979; Gott et al., 1980). ]

- The suggestion brought forward by Toomre and -Toomre
(1972, sec also Toomre, 1977) that elliptical galaxies would be the
result of mergers between galaxies of comparable size has gained
considerable support recently in numerical N-body simulations
which showed that (i) the fina! frequency and clustering properties
of merged particles in a study of the evolution of individual groups
und clusters (Paper 1) and in expanding universe simulations (JE.
AF) ure very similar to those of bright elliptical galaxies, (ii) the
characteristic angular momentum of merged particles in the cos-
mological experiments agrees with the low rotation velocities
found in elliptical galaxies, (iii) merger products of spherically
symmetric galaxies of comparable mass tend to have a Hubble
density profile {White, 1979; Villumsen, 1979). The principal
thrust of this paper is to investigate in detail the clustering
propertics and mass function evolution of the merged systems
und to try to make the natural extensio» »f the merger model of
cllipticals to explain the origin of other r., ~rphologica’ types as the
result of mergers between galaxies of un, Gual mass.

The next section deals with the numerical experiments. in
Sect. ) the merging rate, clustering properties and mass function
of the particles in the simulations are discussed. It is proposed that

. the latter two properties can be interpreted using a simple infall

model. In Sect. 4 observed frequencies and clustering properties of
elliptical aid SO galaxies are compared with those of merged
galaxies in the simulations. We consider briefly the evidence that
galaxy mass is indeed correlated with laocal galaxy density as
predicted by the infall model. A modelis presented for theevolution
of a realistic initial mass function during the epoch of cluster
formation. lis implications for the origin of different galaxy types
are discussed in Sect. 6.

2. Numerical Experiments

Beforediscussing the detailed calculationsand results of the present
work it seems uscful to make a comparison with other recent
studies. The merging criteria in our calculations are only slightly
different from those used by JE and AF. Mass-loss and loss of
orbital energy during collisions are additional effects considered
here. The tota! orbital and internal energy of a merging pair was
not strictly conserved. This is not important since in this paper
we arc not primarily interested in the structural properties of the
merged systems. In fact the mass-radius relations found by AF,
who do conserve total orbital and internal energy, is very similar
to the one we have used. In our 2=1 models most of the de-
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celeration of the universe is modelled by an extra force component
due to some uniformly distributed hot constituent.

2.1. The Code

The numerical N-body code is basically the sam2-as the one used
by Aarseth et al. (1979, hereafter AGT) so we will merely mention
the differences here, Collision effects were included. No particles
were reflected at the boundary R of the exanding sphere. How-
ever, at the end of the run the density in the outer shell between
0.9 R and R was not significantly lower than the overall density.
In the case of a critical universe an extra radial force component
decelerating the expansion was added. mimicking the effect of a
universal component. This force is given at time t by F(1)=
—~ Y H3(1)cr, where ¢ is the ratio of the density of the dynamically
hotcomponent tothecritical density, H(t)is the Hubble parameter
and |} is the distance to the centre of the expanding sphere.

2.2. Initial Conditions

Initially all 400 galaxies have equal mass M,. Following AGT,
their luminosity L, is chosen to be that of a typical bright galaxy,
which means L,=L*=310" Ly (Turner and Gott, 1976;
Schechter, 1976). The mass-to-light ratio of the galaxies and the
clusters that are formed is then 100 My/Lg (M,/3 1017 M)
Adopting a luminosity density of 510" Ly Mpc™ the final
number density of our galaxies should be n,~1.7 10~3 Mpc ™2,
The final value of the Hubble parameter in the simulations is
50 km s ! Mpc !, The initial radius of the expanding boundary
sphere R, ischoser. to produce about the right amount of clustering
in the final state as measured by the amplitude of the spatial
covariance function.

The particles are placed at random inside the initial volurae so
that the density fluctuations follow a Poissonian distribution,
The distribution of peculiar “elocities is taken to be an isotropic
Maxwellian with a dispersion of 50 km s, so that the ratic of
kinetic energy in random motions to the kinetic energy in the
expansion is initially much smaller than unity and the universe is
cold as predicted by the standard big bang model. Although the
initial velocity perturbations should be related to the density
fluctuations in the galaxy distribution. the fluctuations in both
the density and velocity distributions are small and therefore we
neglect this effect. At the start of the simulations individual
galaxies represent density fluctuations

(90:2),=(1 =) (R RPN, +c~1

where R, is the galaxy radius. and N, is the initial number of
galaxies. The initial density contrast is (3p ),~1 in the Q=1
models and ~10°-10° in the open models. In some models the
sensitivity of the final state to changes in the initial small scale
distribution was tested.

2.3. Collision Parameters

As in Paper L. the galaxy potential was taken to be proportional to
(r?+€%)"12 In a collision, the softness parameter £ has u strong
effect on the velocity v and separation p at closest approach. The
inelasticity of a collision is determined by r and p and so one has
to be careful in choosing &. The collision velocity measured in the
numerical calculations of Paper | is, for p R, <1, and r, <a,
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approximated by '
=83 a:(l-O.4p/R,)(.l+—A;3/_M_‘-)+vL a

where M, 2 M, , v, isthe relative velocity at infinity, g, the internal
velocity dispersion of the galaxies (assumed to be equal for the two
galaxies) and R, is the radius of the largest galuxy with mass M, .
The radius R, is defined as twice the half-mass radius and o} is
proportionality to GAM,/R, ; the constant of proportionality is
determined by the structure of the galaxies, which is assumed not
to change it collisions. For the galaxies used 'in the collision
calculations we had a7 = 0.72 GM,/R, . In the present calculations
where galaxies are treated as softened pointmasses the collision -
velocity is

vi=4 GM.(‘—*A‘ZA’&) (P )l

The collision calculations in Paper 1 indicate that g, does not
change much in collisions, and so R,oc M,. We find

?=56a2R, (.‘i'_’;_!/_’.*_!) (P+e) 122 )

In order to match (1) and (2) we need &/ R, =0,64 in the case p=0.
If p=R, we need &/R,=0.3, Most collisions occur between
galaxies in bound orbits with small ellipticities morg consisten:
with the value 0.6. In the simulations ¢/R, ranged {rom 0,34 10
0.57. Although the velocitics for the neurly head-on collisions
will be overestimated with small £/R, . the Joss of orbital energy
is 3till large and generc\\!ly the collision velocity was below v, at .
the second or third impact.

All collisions with p> R, were purely clastic. For the critical
upper limit to the relative velocity between galaxics with mass
M, and M, (M, 2 M) for mergers to still occur we have used

! 14
(’““(p)=3-20"(| ~03p/R;} (!i%‘ﬂl)

(see Paper I). Particles may also lose orbitul energy and muss in
non-merging collisions. The encrgy loss is then cifectuated by &
decreasing their relative momentum instantaneously at closest .
approach. The loss of orbital kinetic energy E is prescribed by

AE’E—]Z’S( )(1—08pR|HI+tI.Ml) for p<R,

=0 for p>R,

and the mass-loss by
AM= 61( )u-oap ROM, for  v>rau(p) g

AM=1iM, for rveraip).

This mass-loss can be regarded as un upper limit. Firstly. most ;
collision calculations in Paper | were done for hyperbolic orbits
while most mergers in the expanding universe simulations occut .
between galaxies in bound orbits, Secondly. the “lost” mass was -
defined as the mass ejected across a spherical surface radius 2R,
around the parent galaxy. Most of this mass is still bound to the & .
gulaxy but formsunextended low density halo which is dynamically .3
unimportant. Experiments without mass-loss were also made é
As described in Paper 1. the mass that u gulaxy should have lost in 4
collisions is stored until it exceeds half the initial mass of the, ‘1
galaxies. A background parm.le is then created and sent away, :;
from the purent galaxy in a random direction ut the escape &
velocity. In all experiments we have used # % R, M, throughout ;3
a run.
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! Table 1. Results of numerical experiments
N[ R,’_[ H‘_! n! ¢ ay M1 R' !/',:,"(p=0) C/R,, Af NM/NJ'
Mpc 100 100 10'  Mpc 100
kms™! Mpc™! kms™ Mg kms™!
1 431 5.0 -35.5 92 —0.5 1 08 1.15 6 0.34 7.6 0.35 5 0.13
Lo 9 25 261 14 10 02
T3 263 0.7 177.0 1.8 30 0.27
4 247 0.7 171.0 24 0.07 16.0 0.43 50 029
5 266 0.7 177.0 21 0.07 16.0 0.43 50 0.29
6 337 0.7 171.0 09 11 3 0.07 11.3 043 10 0.15
17 258 2.06-35 1.7 -0.5 0.1 0.0 1.5 3 017 7.6 0.35 15 0.29
8 166 383 174 015 1.6 6 0.07 16.0 0.57 25 033
9 232 48.0 19.41 0.08 1.8 6 0.07 16.0 0,57 30 0.28
10*a 218 48.0 19.41 0.08 1.5 6 0.07 16.0 0.57 30 033
b 238 48,0 19.41 0.08 14 6 034 7.6 0.57 30 031
c 260 48.0 19.41 0.08 21 6 0.01 44,5 0.57 40 0.24
1 176 1.64-10.8 01 ~10? — =400 0.41
12 326 2.59-51 -06 ~21077 — ~ 4 0.16

T T

Cotumn (1) gives the model number. Underlined numbers are standard models which means that the subsequent models until the
next standard model have the same parameters unless specified otherwise, Columa (2) gives the final number of galaxies (N, =400)
and column (3) the initial and final radius of the expanding boundary sphere, Columns (4)=(7) give the initial and final Hubble param-

. cter, the final ratio of the density over the critical density @, the value of ¢ and the final velocity dispersion of the galaxies resp.
. The galaxy mass and radius are given in columns (8) and (9), the critical velocity for head-on collisions between equal mass gataxies
i in{10)and ¢/R, in (11). The final amplitude of the covariance function 4, in column (12) was estimated from the typical excess num-

runs

Cm g bt T g

W

5
i
i

24, Results

A series of N-body numerical experiments was performed with the
aim of testing the sensitivity of the final fraction of merged galaxies
and the amplitude of the covariance function to various param-
eters. The details of each experiment are contained in Table 1.
Models 1-3 have different R;/R;, where subscript i denotes the
initial state and subscript f the final state. The galaxies in model 4
have smaller size than in models 1-3. Madels 5 and 6 were con-
_ structed to test the sensitivity to the small scale distribution of the
particles. The separation for two neighbouring galaxies with
initially zero orbital energy is s=(20,/N,)*” R,. The galaxies in 5
have initial separation larger than 0.53 s, In model 6 the minimum
separation was 0.67 s. '
In model 8 and 10 the galaxies were constrained to undergo no
mass-loss in collisions.
Models9 and 10 have a lower final number density.
The initial galactic radius, R,, was varied in models 10a, b,

[ and c.

T

Models 11 and 12 are similar to 7 except that in 11 the initial
density was 2¢; (7), and 0.5¢; (7) in model 12, where g, (7) is the
initial density in model 7. These models were run for a same time
interval as model 7 and can be regarded as regions of high and

- low density respectively in the model 7 universe. The excess density
d around a galaxy in these models was calculated with respect to
> the mean density in the model 7 universe.

E:  The four principal results from Table 1 are:

i (i) The evolution of the amplitude of the covariance function is
g consistent with standard models (Gott and Rees, 1975).

g

2
e T

TIPS e

ber density of galaxies at a distance 0.8 <r<1.2 Mpc from a galaxy. Column (13) gives the final fraction of merged galaxies.
Note: model 10a was run three times and 10b twice with different random numbers. The given quantities are averages over these

(ii) The amplitude of the covariance function is approximately
proportional to the initial galactic mass.

(iii) From our simulations we estimate galaxy collapse times of
~10° yr for 2<1and ~10® yr for Q=1.

(iv) The final fraction of merged galaxies (10-40%) is very in-
sensitive to galactic parameters and to Q. It is weakly cor-
related with the amplitude of the covariance function.

We shall now discuss the first three results. The final point
will be discussed in the following section.

(i) We expect that 4,0c(1 +z,,)* where z,, is the initial redshift,
with B=2 in the linear regime and f=3+y thereafter, when the
spatial covariance function (r) is described by a simple power
law £(r)=A4(r/1 Mpe) and (1+2,) <" (cf. AGT). In our sim-
ulations we find y=~ —2 consistent with previous work. We ex-
pect therefore that g varies from ~2 at early epochs to ~1 at
late epochs (see also Sect. 3.1). From 4, and R/R, in models 1,
2, and 4 we find () ~1.2. 4, in model 3 is lower than expected
because the initial separation between neighbours was compa-
rable to &. The value we find for {#) is somewhat lower than the
value 1.6 used by AGT because merging reduces the number of
particles on small scales resulting in a decrease of A, , For example,
AGT find 4,70 when 2,,=17 while we find 4,225 in model 8
which has comparable parameters (M,, 2,,, and A4, ; the index of
the initial density fluctuation spectrum does not seem to affect
Ay). This indicates that merging has reduced 4 ; by about a factor
3, and in the absence of merging we would expect (f)=1.2
+log 3=1.7.

(ii) The mass dependence of A, is most evident when we com-
pare our results for the 2=1 universe with those of AGT. They
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Fig. 1, Evolution of the merging rate in model 4 and 10a. N is the
number of mergers per 10° yr

give 4,x70 for 2,=9.9 and M,=510" M,. Assuming 4,
a(1+3,)"" M,andincludinga factor 1/3 for theeffect of merging,
we expect 4,= 137 in our model 4, in reasonable agreement with
the experimental result. A plausible explanation for the relation
between 4, and M, found here is provided by the infall model of
Gunn and Gott (1972). On the basis of this model it is expected
that the infal! rate onto a galaxy or cluster of galaxies is propor-
tional to its total mass.

(iit) Galaxy collapse times can be estimated for 1 +z,> Q7! by

Toxabg ' Q730 +2,)7 1

Using 4, (1+:,)"7 we find from the results of model 10 that
142,240 M,/6 10'* M| ¢ 10 obtain 4, ~70. This yields an
estimate cf the galaxy collapse time in the case of an open universe
with @,=0.1 of 7,210 yr. In the Q=1 universe we find 1+z,,
=60|M,/6 10'2 M;,]"%% and T,=10° yr.

J. Praperties of Merged Galaxies

3.1. The Total Number of Merged Galaxies and the Merging Rate

The total number of mergers in the simulations is remarkably
insensitive to galactic parameters as well as to €. The reason is
that most mergers occur between galaxies in bound pairs (cf. AF),
The initial fraction of bound pairs is calculated by assuming that
particles are distributed at random with number density n. Then
the total fraction of galaxies having their nearest neighbour with-
in radius ris F(r)=1—exp | ~$nnr’] (Chandrasekhar, 1943). The
maximal initial separation for bound pairs, those with zero
binding energy, is s=0.78 @n '3, Then F(s)=1—exp [~ 1.99 2})
which is 862 if @,=1. Even for an open universe with Q,<l,
€, <1, since

Q=1+ - 1)R/R)!

and for R/R,~23 and Q,~0.08, Q,=~0.67 and F(s)=45%,.
Therefore, the number of initiaily bound pairs is very insensitive
to £ in our models. The galaxies in a bound pair will eventually
merge unless the pair is disrupted in a cluster. From the simulations
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we see that about 60", of the galaxies merge with their nearest
neighbour. The initial velocity dispersion of the galaxics is tow
and thus the ellipticity of the bound orbits is gencrally large.
Therefore most collisions are almost head-on and the galaxies
merge at first impact, forming systems with low characteristic
angular momentum (JE. AF). The fraction of merged galuxies
can be calculated from the total number of mergers N;— N, where
N is the current galuxy number. Assuming that the merging
probability is independent of mass, it is not difficult to show that
Ny/N=1-NJ|N;, which is typically ~40", at the end of the
simulations, The fraction of merged galaxies in the simulations
is ~ 30", indicating that merged galuxics have a higher merging
probability than other galaxies.

We now estimate the collision rate assuming that nearest
neighbours fall together in the free fall time (2 GM/R)) '3,
where R, is the distance between nearest ncighbours. This us-
sumption scems justified when nearest neighbours areapproaching
each other, requiring a,> R, H. R, can be estimated using the
correlation function which can be defined by

s’(r)="—-—-——(');_'—'"-'=.4(r/l Mpc).

Clearly é(r}isthe typical excess density relative to the mean density

ii at a distance » from a galaxy. The nearest neighbour distance R,
is then

3}
Avy

I+
R'—('im'nl)

and the collision rate per galaxy
(.:1(26/".\_' 2

k]

1 Vafdrad\ T
=5 (26M,) (—3+r )
Substituting the parameters for model 10a at 1 (3= ~2) we find
R, =5.6 Mpc and C=0.09 (10'° yr)~!. The final collision rate in
model 10a averaged over the interval 10" <t<1.6 10'® yr is
0.20+0.09(10'°yr)~'. In the next section we will see that the mean
mass of colliding galaxies in model 10 is about 2.7 M, which will
increase our estimated C to 0.15 (10'° yr)~!.

In Fig. 1 the evolution of the merging rate in models 10a and
4 is shown. The evolution of the merging rate cannot be described
by (3) since a,/(RH)~(GM,/R)Y *H '=CH"' <1, at the end
of the simulation, but a,/( R, H) < 1 atearlier epochs. The temporal
behaviour of the merging rate is very similar to the increase of
mass within a fixed distance D of a galaxy.
1 dM d ..
Mo —flnD @ [a4).
Using a proper separation coordinate we have A=A,(R;R,)""".
where f§ changes from ~ 2 at early epochs to ~ 1 at late epochs.
Assuming 3= -2 we find

d ”_—S
LdM_rpiae 5 if

M di 2=1

=4rDigAg®~? il Q<l.

The merging rate at the end of the simulations drops slightly faster
than ¢! probably because the merging efficiency X, defined by °
the ratio of the number of mergers over the number of collisions,
decreases with 1. The evolution of K in some models is given in

3) -
R )}

'
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Fig. 3. Ratio of the correlation functions of’ merged (M) to un-
merged (U) galaxies with other galaxics in model 10a and 10bat s,

Fig. 2. In model 10 K< 1 even at large 1. indicating that merging
hus strongly prevented the formation of virialised clusters with
velocity dispersion larger than o,. In models 4 and 7. &R, is
smaller than in model 10 and it takes a few collisions before the
galaxies merge. so that K ~0.4. This will increase the covariance

" function on small scales by about a factor K ' but will not affect

the merging rate.

1.2, Clustering Properties af Merged Galaxies

The simulations show that on small scales the excess density of
palasies around merged gpulaxies &y, is higher than around un-
merged galaxies i (see Fig. 3). A similar phenomenon was
tound by Gott et al. (1979, hereafier GTA) who give results for an
expanding universe in which two-third of the galaxies were given
muss m and one-third mass 2m. They found that on the scale of &
typical interparticle distance R, (hereaiter called the local scale)
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the covariance function of the more massive galaxies was about
twice that of the covariance function of the less massive ones. On
larger scales the two covariance functions become equal. These
results are interpreted on the basis of the infall model of Gunn
and Gott (1972). In this model the effect of the local density
enhancement of a cluster mass m embedded in a homogeneous
expanding universe is considered. They show that the infall rate
of mauter omo the cluster is proportional to m. In our simulations
we deal with a discrete distribution of particles of comparable
mass. We will show that, as long as virialised groups and clusters
of purtictes do not form, the results of the simulations are consistent
with an infall model in which the probability P(m) that a merging
pair has total mass m. is proportional to mé{m), where ¢(m}is the
traction of all puirs having total mass m. P(m) can be vritten as

Y imem)

[l el
I’im)—-——-——-Z Ry 4)
bt

where summations are aver all possible pairs. Such a probability
law is expeeted if all panicles are distributed at random indepen-
dent of their mass. In this case the probability that a close pair has
mass m und separation lying between r and r + dr can be written as
dmiimiridr. The collapse time of a close pair is given by
t, >(Gm r*)y ¥ and the probability that o pair has mass m and
collupse time in the interval [/, ¢, +d1, ] is 4raGm (mt,dt,. Fora
given collapse time, the probubility thut a collapsing or merging
pitir has total mass m is proportional to mg(m).

In Fig. 4 we have plotted the funclion N,(m)/d(m) where
N,m is the number of pairs with total mass m and separation
less thun R, . Equation (4) seems to apply throughout the evolution
of' modecl 10b. while in 10a the experimental velation deviates from
Eq. (4) with increasing time. The particles in model 10a are much
smaller and collapsed groups or clusters are less easily destroyed by
merging. The merging rate among small galaxies is depressed most
strongly and the number of relatively low mass neighbours
increases.

The distribution of masses for merging pairs should also obey
14) it merging prevents the formation of clusters. From (4) it
foilows that the parameter

Y m+mi+l ¥

m +tm,m

(m, +n1y

m,tmy=m

Tmy= Y mi+my)
[

(5)

determined cach time a merger occurs between (wo galaxies of
total mass m must be uniformly distributed on [0, 1] with (7> =1,
This test was suggested by White (1980, private communication).
Figure 5 shows (T for mergers in different time intervals in
models 10a, b. and ¢, The best agreement is found for the models
with large galaxy radii, The mean value of all mergers {T)=0.52
when R, =340 kpe. and {T> =0.58 when R,=10 kpc. A further
test of Eq. (4) is 10 count the number of mergers among galaxies
of'different type during a time interval in which the mass-function
is ussumed constant. When the merging probability is given by (4)
it can be shown that

Neg :Npa i Ny = 1m0 o+ DA 2 <mdy Uil (6)

Here. Ngy is the number of mergers among merged and un-
merged palaxies, fiyand /i are the fractions of merged and un-
merged galaxies. {#),, is the average mass of the merged galaxies,
und unmerged galaxies have unit mass (see Sect. 3.3). In Table 2
the relutive numbers of mergers in models 10a, b, c are given with
the prediction from (6). The last three columns give the time-
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Fig. 5. Evolution of {T) [Eq. (5)] in model 10a (crosses). b {dots)
and ¢(opencitcles). Twasdetermined ina single run of each model
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Fig. 6. Mcun mass (Kiled circles) and fraction of merged galuxies
(crosses) us u function of neighbour density around galaxies in
model 10(a and b). Open circles give the over-all values of {m)
in models 7, 11, and 12
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interval and the average value of f,, and {m),, respectively over
this interval, For models (0a, b, and ¢ we find results consistent
with (6) at early epochs. but at late epochs Ny, is too small in
models 10a and ¢ probably due to depressed merging rates for
smaller galaxies as described earlier (Fig. 4).

Equation (6) implies that on scales ~R,, the fraction of
massive (or merged) particles is given hy

S =11<mdyi<m) + 11 {n

where /y, is the overall lruction of merged galaxies and {m) is the
mean mass per galaxy, Inside spheres of chosen radius S, centered
on the galaxics, the mean fraction of merged galaxies, mean mass
per galaxy and mean number density of galaxies, g, was calculated,
The results for several values of S are plotted in Fig. 6. The open
circles give the overall degree of merging measured by {m)> =N, N,
as a function of sverage density in models 11 and 12 (S=R)).
while the filled circles give the degree of merging in model 10 as
one goes to smaller scales corresponding 1o higher densitics. On
the smallest scales the fraction of merged galaxies is = 0.45in good
ugreement with (7) since {m)y/dmd =3.51.7=2 and £, =0.3,

The fraction of merged galaxies and the mean mass of galuxies
increases slowly with increasing neighbour density. A crude lincar
fit to the experimental relation is

Sa=024m) =01 log g+ 0.6, (%)

Tosummarize, the simulations indicate the followingelustering
properties of merged galaxies,

(i) It is possible to model the merging probability of a pair of
galuxies by assuming that it is proportional to the sum ol the
masses ofthe two merging galaxies. Thisdependence of the merging
probability on mass implies that the covariance function of
merged galaxies is amplified and slightly steepened on small scales.

(ii) The fraction of merged galaxies and the mean galaxy mass
increase slowly with the neighbour density. On a local scale the
merged galaxy fraction is well described by (7).

3.3. Muss Functions

In Fig. 7 some final mass-functions are given, The mass tunctions
in models 10a. b, ¢ are very similar and can be approximated by a
simple powerlaw n{nt)dm £ m*dm with x> —2.2 as also tound
by JE. This value of 2 is found 10 be independent of galaxy radius
in contrast 10 the work of AF who find a slope of 2 = =3 for small
galaxy radius, However, when the loss of orbital encrgy in nen-
merger collisions is zero we also obtain u steeper final mass fune-
tion approaching 2= —23.

The final mass function in model 11 illustrates the cffect of
mass-loss. The mean mass of unmerged particles does not
decrease significantly during a run with mass-loss included, since
most collisions lead to mergers. The final fraction of the total mass
in buckground particles is about 1 5 (or~4.4N N,) when K=t
ind somewhat lower when A=0.5 As noted in Seet. 2.3, our
prescription for mass-loss should be regarded us an upper limit,

The mass function evolution was simulated with 4 Monte
Carlo code under the assumption that the merging probability is
prescribed by (4). All galuxies hid equal mass initially { ¥, = 3000).
Results are given in Fig. 8. In model 10 we found N, N, ~0.6. The
mass function obtained in the simulation when N N;=0.6 has
slope 2= —2.2 in pood agreement with the final mass function
in 10. We conclude that the general evolution of the mass function
can be exnlained by (4).
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Table 2

Model N New ! Nyu 1110° yr] Ju (mjy
10a exp 1 0.64+0.14; 0.13+0.05 1l<t< 3 0.19 2.36
theor. 1 0.79 : 0,13
10a exp. i 35 £08 09 +03 I<t<l1é 0,29 3.02
theor. 1 1.65 H 0,51
bexp | 1.2 +£0.1 ; 03 +041 I<t<lb 0.23 2.9
theor. [ i1.15 : 025
c exp (I 24 +04 : 0.5 £02 I<t<16 0.20 2,92
theor. [ 0.98 H 0.19
L] ¥ ¥ L] L]
30 _X\ 4
\ Monte Carie simulation
- \
E X
< b \
o \ \
S A X
205 \o \ <
= T \
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Fig. 7. Fraction of the total number of particles per unit interval of \ N
mass at ;. Full lines are the results for model 10a and b. The \
dashed line is the final mass function in medel 11, showing the 3 \
effect of mass-loss. The dotted line shows the final mass function =10} a=-15, mpyq,=10 4
in modet 10c when loss of energy in collisions not resulting in .\
mergers is zero N\
Ne
L L °

When the simulations are continued the mass function reaches
a self-similar form with «= —1.5. This limiting form was also
found in numerical experiments by Nakano (1966) and is in
agreement with the self-similar solution of the coagulation
equation when the cross-section of the particles is proportional to
their mass (Trubnikov, 1971; Silk and White, 1978). Trubnikov's
solution: n{m)dmaxcm='3¢~""™dm is identical to the Press and
Schechter (1971) mass function in the Poisson case. Therefore,
Eq. (4) yields the proper limiting form of the mass function and
we expect that the galaxy mass function evolves according to (4)
as long as all galaxies in collapsed systems merge and no clusters
form. It will describe the evolution of the cluster mass function
or multiplicity function when merging ceases.

'l A
04 08 12 16 20
Logm
Fig. 8. Evolution of the mass function in the Monte Carlo
simulation with 3000 equal mass particles initially. The dashed
lines are powerlaw approximations to the mass functions for
N,/N=1.6 (crosses), 5.5 (open circles) and 33 (filled circles)

4. Comparison with Observations

The question we now turn to is whether one can identify systems
that have undergone significant merging. The simulations give
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Table 3
G Agst Agqr Aue & i
DG Sample! E 1 17 65 31 LS
S0 1 :1.5: 58 KK R 8.1
Sample Il E 1 1.5 717 8 19
S0 13 4] 25 1.6
Jo ks G Nost Nyet Nog
KK 7 017 083 E+S0 1 :048 022 32 20
NI 010 055 E ! :05: 016 35 25
NI ot7 055 SO 1 047 018 1.9 L8

two clues from analysis of the fraction of merged guluxies and the
clustering properties of merged galaxies. In fact we show that
these properties support the hypothesis that elliptical and
lenticular gafaxics urise from merging spirals. We shall discuss
later additional evidence from the intrinsic properties of early type
galaxies in support of such a galaxy formation model,

4.1. The Fraction of Early Type Galaxics

The fraction of merged galaxies in the simulations is somewhat
higher than the fraction of elliptical galaxies. However, the
agreement is surprisingly good considering the uncertainties in
our model and in the specific interpretation of the observations,

The observed fraction of elliptical galaxies among the bright
galaxies in magnitude limited samples is about 0,1-0.15. The total
fraction of elliptical and lenticular galaxies is about 0.2-0.3. These
fractions depend on the luminosity function of galaxies of different
types. There is observational evidence that the fraction of ellipticals
among bright galaries increases with luminosity, the mean
absolute magnitude of ellipticals being brighter than spirals by
about half a magnitude (Van den Bergh and McClure, 1979). This
would make the real fraction of elliptical galaxies 0.05-0.08. The
uncertainties in the simulations arise from: (i) the unrcalistic
initial mass function. (ii) the choice of the initial distribution of the
particles, (iii) the merging processstrongly inhibiting the formation
of clusters in our simulations, This is most pronounced in model
10b although the galaxies in 10b have the realistic circular rotation
velocity of ~250 km s~*. It is possible that small visible cores of
halos do not merge as easily as the halos they are embedded in.
They might not merge at all when the galaxies are part of a collaps-
ing cluster as in the White and Rees {1978) model.

4.2, Clustering Properties of Early Type Galaxies

We first note that the fraction of merged galaxies in the simulations
is a very weak function of neighbour density (Fig. 4), Dressler
(1979) has investigated the observed galaxy composition s a
function of density in 55 clusters of galanies, He finds that the
fraction of E and SO galaxies varies slowly over a range of about
three orders of magnitude in projected density, He also finds that
at low densities the fraction of SO galaxies rises faster with density
than the fraction of elliptical galaxies. In Sect, 5 we will see that
these results fit naturally in the merger picture. The amount of
clustering among galaxies in a magnitude limited survey depends
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on the depth of the catalogue, which is determined by the charac-
teristic luminosity of the galaxies. The measured amount of
clustering is sensitive to the bright end of the luminosity function
(Peebles and Hauser, 1974). The luminosity functions of E, SO
and spiral galaxies are very similar, However there is evidence that
the average luminosity of ellipricals brighter than M, = — 19 is
higher than disk galaxies by about a factor 422 (Van den Bergh
and McClure, 1979). Therefore, in interpreting the observed cor-
relution functions, we use the following crude rules: (1) The reut
clustering seales with the depth D of the catalogue as Ax D™ -
x4 v or AxA il we use 7= —2. (2) The observations under-
estimate the cross-correlation between elliptical or SO and spiral
galaxies by a fuctor 47 ¥ (or 2712 if 4 < 1),

* We first compare the simulation results with those of Duvis
und Geller (1976, DG) who study galaiy correlations as a
function of morphological type. Specifically they use two samples
(1 and 11) ol gulaxies from the Uppsala Caralogue to study the
covariunce functions of' E. SO and spiral galaxies, Sample 11 is
identical tosample I except that the galuxies in the Virgo and Coma
clusters ure cxcluded. Their results show that the correlation
tunctions lor E and SO galaxies are indeed higher und have o
steeper slope us described in Sect. 3.2, The number of spiral
neighbours within a distance r of an clliptical galaxy can be
calculated from the amplitude A,y and slope yre of the cross
correlation function for ellipticals und spirals by

Hpsl <P = AR, (30 +3) trrs
where ity is the mean number density of spiral galaxies. The
number of galaxies on 4 local scale, say ~ 1 Mpe. is nyy =4 niigd, .

where dpg= Aps(7ps+3) L. The relative numbers of close pairs of
different types can be estimated from

_ N _ N
. . . A, Ar_ 7 2Pk 3 [l Y
Nes :Nyg i Nep=ngginpg =t inpe —t= A2 25 Apg i 22 ) Agr.

iis Ry R fi

In our simulations Eq. (6) was valid as long as virialised clusters
did not form. Galaxies have formed virialised clusters and we will
ussume that during the collapse of these clusters (6) was valid and
u fraction of ellipticals given by (7) was formed in high density
regions. In these virialised regions galaxies meet randomly. Thus.
we assume that

Nox:Nyy :Nep= U200 IR S UR IS
where

JEUS =kiells

and

k=1<mde/{m)g+1).

Therefore

Agy i Aps App=11k k%

&)

Correcting for a differenze in mean luminosity between E and §
galaxies as discussed previcucly, we find for the observed ratios
(“>1)

Agg i Apy 1 Ape=1:k133 22k, (10

In Tuble 3 the ratios for sample | and 1 of DG are given together
with the values for k and / derived from (10). The mass of E and
SO galaxies derived in this way gives {m) g, 0/<MD5 =5 Which is
slightly larger thun the mass of merged galaxies in the simulations.
The results in Table 3 further imply that E and SO galaxies have
a larger mean brightness and a larger mass-to-light ratio than
spiral galaxies.
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We can also make a comparison with the work of Van Albada
(1979) who has studied the small scale clustering of galaxies in the
Uppsala Catalogue. The galaxics were divided into 10 intervals of
0.5 apparent magnitude. For each galaxy the 10 nearest neigh-
hours were listed (in all 10 mag intervals separately). A local back-
ground densily is estimated from the angular distance r to the 10th
nearest neighbour which gives the expected value of the distance
10 the nearest neighbour, {r,). assuming a random distribution of
galaxies. The observed distribution of x=r/(r, > can be compared
with the Poisson distribution after normalisation of the two
distributions for x> 1. In this way the excess of the galaxy density
over the lucal density at x<1 is found. For ¥<1 and for an
appuarent magnitude difference between a galaxy and its neighbour
less than 2.5 mag the excess densities P and Py, of galaxies around
E and SO galaxies are larger than around spiral galaxies, Van
Albhada’s results yield

P PpiPr=1:16132

indicating that the clustering behaviour and hence probably also
the mass of SO galaxies is intermediate between that of elliptical
und spiral galaxies,

The fraction of ¢llipticals in groups with small crossing times
(Ficld and Saslaw, 1971) is larger than the overall fraction. This
also holds for galaxies in binaries., Karachentsev and Karachent-
seva (1974, KK) classify 17%, of the galaxies in their catalogue as
ellipticals (taking ellipticals and lenticulars together), while their
sample of 1206 double galaxies contains 279%, ellipticals. In
Turner's sample of binaries (Turner, 1976a) there are 94 pairs
containing only galaxies classified as pure E or pur= S (Noerd-
linger. 1979a, Nb). The classification is taken from the Uppsala
catalogue containing 10", ellipticals and 559, spirals. The sub-
sample contains 21, ellipticals. Following the arguments leading
\o (10) the ratios of the numbers of SS. ES, and EE pairs are

N 2k K
N i Nyp i Ngp=1 -m.’t’/ls I eV

The observed ratios in the KK and NI sample and in a sample of
binaries containing only SO galaxies (Noerdlinger, 1979b, NII)
are given in Table 3. The second and third column contain the
overall fraction of early-type and spiral galaxies. The values of
& and 4 derived from the observed ratios agree with those found
from the covariance functions. We coaclude that the covariance
function data and the data on binaries are consistent with the
interpretation of early-type galaxies as merger products.
Although the evidence presented bere cannot be regarded as
particular convincing proof, the data do suggest that the number

of neighbours around a mass-concentration is indeed correlated

with mass and luminosity. We shall pause briefly here to discuss
some additicnal evidence.

As noted by GTA (1979) the forms of the observed 3- and 4-
point correlation functions are consistent with the infall model.
They also note that the abserved ratio of the excess density of
galaxies around Abell clusters over the excess density around
galaxies{Seldner and Peebles, 1977)can be explained in this model.

Longair and Seldner (1979) have measured the cross-cor-
relation function between the positions of 3CR-radiogalaxies (R)
having redshifts z< 0.1 and positions of the Lick galaxy counts
(G). They find Agg=4 4 5 4. This is expected if the number of
neighbours on a local scale is proportional to mass, since strong
radiosources have (M, )= —2.3 which is about 1.5 mag brighter

than normal galaxies in a magnitude limited survey (Sandage,
1972a; Auriemma et al., 1977).
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When binaries are formed according to (4) they will pre-
ferentially contain massive galaxies, We expect that their mass
function has a higher characteristic mass and flatter slope than the
field mass function. Recently White and Valdés (1980) have
studied the luminosity function of close binary galaxies. They find
that the luminosity function of these galaxies has a higher charac-
teristic luminosity but does not show a flatter slope at the faint end
relative to Felten's field luminosity function (1977) as would be
expected. In another recent study Heiligman and Turner (1980)
find that the luminosity function of galaxies in compact groups is
flatter than the field luminosity function, It seems that both studies
agree qualitatively that in binaries as well as in compact groups
massive galaxies are overrepresented relative to the field.

5. Evalution of Galaxy Mass-functions
and the Origin of Marphological Types

Let us now investigate the evolution of a more realistic mass
function due to merging or infall during the epoch of cluster
formation. We note here that not only ellipticals, but also bulges
of disk galaxies might be formed by merging. Consider a small
galaxy falling in a larger one. It will spiral towards its centre
losing orbital energy aud angular momentum through dynamical
friction, The orbital energy will be transformed partly into
internal energy of the disk. The disk will be heated but may survive
if the infallen mass is smaller than the disk mass, and the bulge
will grow. We then expect that galaxies with large bulge-to-disk
ratio have stellar disks that are hotter than galaxies with low B/D.
Recent observational studies, indicate that SO galaxies have
bulge-to-disk ratios (B/D) which are systematically larger than
those of spiral galaxies (Dressler, 1979; Burstein, 1979a). These
galaxies appear to have “thick disks™ as well (Tsikoudi, 1977;
Burstein, 1979b). The colours and gas content of SO's indicate
that they form a class intermediate between spirals and ellipticals.
Their clustering properties, B/D-ratio and disk structure now
suggest that they are the results of mergers between galaxies of
unequal mass. We attempt to discuss this quantitatively in the
following model.

5.1. The Model

Let us speculate that all bright (M;, S — 16) galaxies were initially
formed as disk galaxies resembling late-type spirals. It is proposed
that these galaxies evolve along the sequence (Sc~Sb—Sa)-SO-E
as they merge with other (smaller) galaxies in the subsequent
clustering process. A key parameter determining the galaxy's
morphological type in such a model will be 4, the ratio of the
accreted mass to the original mass.

We have chosen an initial mass function which simulates the
observed galaxy luminosity function (Schechter, 1976)

n(m/m®*)d(mim®)={m/m*)~*3*  0.015<m/m* <1
=(m{m*)~*" temim® &3
=0 mim*>3

where n(m) is the fraction of galaxies in the interval (m/m*, m/m*
+d(m/m*}) and m* is the mass of a galaxy with absolute magnitude
M, = —21.5. The evolution of this mass function was numerically
calculated using the Monte-Carlo code discussed in Sect. 3.3.
Since the merging probability is proportional to the tota} mass of
the merging galaxies, the most massive galaxies will swallow

41

ERARER NN S ER o AN

RS
ARETONCAL




gy <

e s

T

>

gy

IS8
MV
-20 -2t -22  -23
L] ¥ L] T
N\
NS
— 00t
*e
€
3
o™
Q
-
-0} toe
4-00
- T04
01-08 .--"". los®
- P o -
L« e A2
20 4510 />0 )
i L s A
-08 -04 00 04 08

Log lmy nl')

Fig. 9. Mass function for all particles (full line), for the particles
with A<0.5 (crosses) and 4>0.5 (dots) in the Monte Carlo
simulation, when {m)/{m);=1.6. The dashed line is the TYS
[umincsity function (see Sect. 5.3). The dotted lines give . the
fraction of galaxies having 4 within the range indicated near the
curves
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Fig. 10, Fraction of galaxies with 4> 1 (crosses)and 0.3 <4< 1.0 -
(open circles) plotted against {m)/{m}, and neighbourdensity p,.
The fractions were calculated for m > 0.4 m* (full lines) and for
m>m* (between brackets)

Table 4 '
{md/{m); 4<0.1 0.1<4<0.5 05<4<1.0 4>1.0 o
[{m);=0.86 m*]
11 g 0.81 0.11 0.06 0.02
{m) ym* 0.85 1.2 1.2 2.7
1.6 1y 0.39 0.26 (0.18) 0.16 (0.20) 0.19 (0.54)
{m)ym* 0.75 1.13 1.2 29
2.0 Iy 0.28 0.24 0.18 0.3 g
{m)  Jm* 0.65 1.05 1.14 16 i

most mass. We shall study the mass function where the low-mass
cut-off will have negligible effect. and we assutae that at the present
epoch {m)/{m) = 1.6, as found in the N-body experiments. Here
{m); is the mean initial mass for m> 0.4 m*.

3.2, Results

Results of the Monte Carlo simulations are given in Figs. 9and 10
and in Table 4. Figure 9 gives the mass functions, when {m);{m).
=1.6, for: (1) all galaxies, (2) galaxies having 4 > 0.5, and (3) thé
galaxies having 4 <0.5. The mass-function for galaxies having
4>0.5 is flatter than for other galaxies. In the same figure the
fraction of galaxies f, within a certain range of d, is plotted
logarithmically against mass. Note that the slope of the mass
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function decreases with increasing 4. Table 4 gives the fractions
J1 and mean mass {(m) /m* of the galaxies at three stages in the
evolution of the mass function. All quantities were calculated for
m>0.4 m*. The fractions given in parentheses were calculated for
m>m*, It appears that ] is quite sensitive to the choice of this
lower limit. In Fig. 10 the relation between f; and {m),/{m), is
plotted for 0.3< 4 <1.0 and for 4> 1.0. We have used Eq. (8) to
relate {m)/{m), to the number density of galaxies ¢,.
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5.3. Comparison with Observations '\‘3

”gk
Bulge-to-disk ratios are correlated with Hubble type (Roberts .}
et al. 1975: Wakamatsu. 1976), but the range of bulge-to-disk

masses that should be assigned to a Hubble type is uncertain.

e e it b S S S



P
¥
£
\
;
%{
3]

N. Roos: Merging of Galaxies in an Expanding Universe

Fig. 11, Ratio of the number of ellipticals to the number of S0
galuxies from Van den Bergh and McClure (1979, crosses. the
crror bars are 1a) and TYS (full line). The dashed line gives the
result of the Monte Carlo simulation

Burstein (19791) has measured B D values for three Sc and
twelve SO galaxies. The B D values of the spirals ranged from
< 0,07 to 0.2, Ten out of twelve SO galaxies had 0.5< BiD < (.5.
Quantitative estimates of 8 D for different galaxy types are also
given by Dressler (1979). These are 0.2, 0.2-0.5, and > 0.5 for
Sc. 8b, and Sa palaxies respectively. In regions of low galaxy
density SO galaxies tend to have low 8 D. There is typically a
difTerence of about 1 mag between totul and bulge magnitude for
SO's in these regions suggesting that SO galaxies have B, D ~0.5.
The high B D values for early type galaxies may partly be due to
fading of the disk {Kent, 1980). Henceforth, we will assume that
ellipticals huve 4> 1.0 and SO galaxies 0.5< 4 <1.0,

The mass function in Fig. 9 can be compared directiy with
luminosity functions of galaxies if M L is taken to be constant
(upper scale). the dots should be shifted to the left by =0.75 mag
il (M L) so=2 (M. L)s. The luminosity function for all gafaxics
(without correction far internal absorption) given by Tammann
et al. {1979, TYS) normalised to our luminosity function is shown
by the dashed line in Fig. 9. We have converted their magnitude
scale to M, using M, = M, —G.8. A shift in luminosity by ~0.75
mag for galaxies with 4 > 0.5 seems required to bring the functions
in agreement. A more important result from Fig. 9 is that we expect
the slope of the mass functions for different types to decrease with
increasing B D. We expect the fraction of ellipticals to increase
almost lincarly with mass.

Shapiro’s (1971) data indicated that the luminosity function of
cliipticals is indeed Ratter than for other galaxies. The luminosity
functions for spiral and SO galaxies presented by Dressler {1979)
have a slope of about —2.5 for M, < ~20.5, while for cllipticals
it is about —1.5. Van den Bergh and McClure (1979) have
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Fig. 12, The fraction of clliptical and S0 galaxies from TYS (full
lines) and the results of the Monte Carlo simulation (dashed lines)

determined the luminasity function of E and SO galaxies from a
sample studied by Sandage and Visvanathan (1978), The ratios
of the number of £ to the number of SO galaxies in this sample are
given in Fig. 11. The ratios calculated from the TYS luminosity
functions and the results of the Monte Carlo simulations are also
shown. The slopes of the functions in the three cases are similar.
Again, dimming of galaxies with 4 > 0.5 by about 0,75 mag would
improve the fit.

In Fig. 12 the fractions of E and SO galaxies as a function of
M, from the TYS data are given, The dashed lines are the results
from the Monte-Carlo simulation for 4> 1.0 and 0.5<4<1.0.
These fractions were calculated assuming (M/L),<qo5
=2{M. L) y.5. As expected a population of galaxies with small
/1 his to be present before the population of galaxies with larger
J can grow (Fig. 10). A similar behaviour for the frequencies of
SO and E galaxies as a function of density was found by Dressler.
His results apply to galaxies in rich clusters and are thercfore not
directly comparable to ours,

This preliminary exploration of a scenario in which bright
galaxies are formed as late-type spirals which evolve along the
sequence (Sc—Sa)-SO~E due to merging gives predictions that
are already in qualitative agreement with observations in spite of
all uncertainties discussed above.

6. Discussion

The general context in which we have placed the merging process
in this paper is clearly different from the cannibalism process
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described by Hausman and Ostriker (1978). If the galaxies are
distributed at random initially, peaks in the density distribution,
such as massive galaxies ot proto-groups and clusters, will act as
nuclei for the clustering process on local scales, the infall rates
being proportional to mass. High-density peaks may exist in this
initial distribution. Merging among the galaxies in these peaks
may produce cD-galaxies which tend to gather clusters of galaxies
around them afterwards via infall. In these clusters the massive
galaxies lose orbital energy through dynamical friction and spiral
towards the centre of the cluster where they can be cannibalised
by a giant elliptical galaxy.

We have stresed in this paper how merging or infall might
have played an important role in establishing the differences
between the morphological types of galuxies. The model presented
in Sect. 5 fits naturally in a scenario in which both galaxies and
clusters form in a hierarchical clustering process such as the one
discussed by White and Rees (1978). In their model, dark halos
grow by gravitational clustering of objects formed shortly after
recombination. Substructure is destroyed during the collapse of
bound units. Any residual gas will, if ionised, be locked to the
comoving frame by Compton drag on the microwave background,
This would prevent it from falling into the potential wells of the
halosuntilz = 50(Hogan, 1979). At someepoch (= 2 10) the gas will
fall into the cores of the halos, cooling and forming rotating disks.
The characteristic mass and radius of bright galaxies might have
been determined by the criterium that cooling and collapse time-
scales are comparabile (Silk, 1977: Rees and Ostriker, 1977). Note
that at low luminosities (M, ~ — 18) most galaxies are gas-rich
spiral {Sc) and irregular galaxies. Below A7, = — 16 we find only
irregular galaxies and dwarf ellipticals. Many observed properties
of galaxies such as the color-magnitude relation. constant central
surface brightness and metallicity gradients may have been
established during the epoch when dissipation played an important
role (Tinsley and Larson, 1978; Norman and Silk. 1980). The
observation that the present abundances of morphological types
and the luminosity function of galaxies is at most weakly dependent
on the density of the surrounding medium. however, suggests that
the formation of predominantly stellar disk galaxies was com-
pleted before clusters of galaxies started to form. We have assumed
that the presently observed bright galaxies descend from this
population of galaxies. Clusters of galaxies will now be able to
form since the relatively small luminous disks do not merge as
easily as their halos. Nevertheless a considerable fraction of them
will have merged with other galaxies by the present time. It seems
plausible that this leads to the formaticn of a bulge. heating and
even destruction of the stellar disks and depletion of its neuiral
gas content. These processes will occur preferentially at the high
mass-end of the mass function and in regions of high galaxy
density.

The product of a merger between two equal mass spiral galaxies
ismore massive but not necessarily more luminousif'star formation
ceases after the merging process is completed. Young stars in the
arms of spiral galaxies contribute roughly 25°, to the total light
(in the U-band) of a spiral galaxy (Schweizer, 1976 Bash. F.
private communication). This contribution disappears within
~ 10" yr. The subsequent decrease in luminosity is of order 0.5 mag
in 10'9 yr. (Sandage. 1972b: Tinsiey. 1972). So after ~ 10'° yr the
luminosity of such a merged galaxy might be comparable to the
luminosity of one spiral while its mass is twice as large. According
to Turner (1976b) and to the results of this paper (Sects, 4,2 and 5)
the mass-to-light ratio of ellipticals is indeed about twice as large
as for spirals. Although no calculations of mergers of rotating
stellar disks have beep performed, there are indications that
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merger products of galaxies of comparable mass tend to huve a
Hubble density profile (White. 1979; Villumsen. 1979) and rotate
slowly (JE, AF) as do eifiptical galaxies. Recent observations
indicate that bulpes rotate faster than ellipticals (Illingworth
etal., 1980: Kormendy and Illingworth, 1980). 1t will be interesting
to see whether this is also consistent with the origin of bulges as
proposed here. At the moment it seems that there is much evidence
speaking in favor of & model in which merging is responsible of
an evolution of bright galaxies ulong the sequence (Sc-Sh-Sa)
-SO-E.

Concluslons

The numerical N-body simulations given here model the situation
where clusteres of galaxies form from small random Huctuations
in the initial distribution of galaxics corresponding to low initial
velocity dispersion. The simulation patticles, which il have equal
mass initially are supposed to represent the halos of typical bright
galaxics with L= L*. and total mass-to-light ratio of about 150,
The principal conclusions are as follows,

1. 1f the starting time of the simulations is chosen to produce
about the observed amplitude of the covarinnee function, the
final fraction of merged galaxies is typically 30, varying from
=15, in low density regions to > 50", in high density regions.
Since most mergers occur between plaxics in bound pairs. this
fraction is very insensitive to palactic parameters and not par-
ticularly sensitive to either the fina! density or the final amplitude
of the covariance function.

2. The galaxy collapse time estimated from the initial red-
shift in our simulations required to produce the observed am-
plitude of the covariance function is =10 yr for Q=1 and
=10 yr for Q=1.

3. The clustering properties and merging probability of the
particles in the simulations are consistent with Eq. (4) as long as
merging prevents the formation of clusters. When clusters form.
the merging rate is depressed most strongly for the smallest
particles,

4, The mass function is well described by a power-law
approaching a self-similar form identical to the Press and Schech-
ter mass function for an initially Poissonian distribution.

5. Observational data on the clustering properties of eurly-
type galaxies are in good agreement with their interpretation as
merged galaxies. Adopting this interpretation we find that the
characteristic mass of ellipticals is several times larger than
spirals while their luminosity is about a factor two larger. The
clustering properties of SO galaxies suggest that their mass and
luminosity is intermediate between that of spirals and cllipticals,

6. The form of the three and four-point correlation functions.
the clustering of 3C-radiogalaxies and the luminosity functions of
galaxies in binaries and compact groups indicate thut galaxy mass
is indeed correlated with local galaxy density in our universe.

7. It is suggested that galaxies were formed as mainly stellar
disks at =2 10 and their luminous spherical components form by
merging ot infall during the subsequent epoch of cluster formation
resulting in an evolution of galaxies along the sequence
(Sc-8b-Sa)~SO-E. This model predicts that the mass function
of galaxies flattens from late to early-type galaxies. At the bright
end of the luminosity function we expect to find mainly curfy-type
galaxies. It is possible 1o explain qualitatively the observed
frequencies of morphological types as a function of muss and
neighbour density in this type of model.
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CHAPTER IV

EVOLUTION OF RICH CLUSTERS OF GALAXIES
Abstract.

The evolution of a rich cluster of galaxies having a realistic
initial distribution of masses is numerically sirmulated. The sizes and
i massez of the simulation particles are such that they represent halos
: presumed to be attached to galaxies initially. The ratio of the amount

of dark to luminous material is assumed constant., The upper end of the

mass spectrum is most strongly effected by the merging process occurring
predominantly during the expansion and subsequent collapse of the cluster,
The amount of mass segremation in the collapsed cluster is shown to be
consistent with the observed luminosity sepgresation in the Coma cluster,
In a previous paper it was proposed to interprete the increase of A, the
ratio of the accreted over the initial mass of galaxies, as an evolution
of galaxies along the sequence (Sc-Sb-Sa)-SO-E. The results presented i'
o here show that such a model is indeed consistent with recent observati- i‘{
o ons such as the over-all abundance of different morphological types, the i
local density-morphological type relation and the mass function of ellip-
tical galaxies. The amount of mass loss from galaxies in hinh velocity
encounters after the collapse of the cluster is estimated. The results
are consistent with the observational evidence that elliptical galaxies
in spiral-poor and cD clusters have smaller sizes than in spiral-rich

clusters.

g

1. Introduction. i

Syt 4

The scenario in which the clustering of galaxies is the result of

cSU M B

a hierarchical clustering process during the expansion of the universe
is consistent with current observations (e.g. Peebles 1980). In such a

nicture galaxies are formed st a redshift z 2 10. Clusters form later

SR, R gt

SR

from the density fluctuations in the distribution of salaxies. During

3

¥

the expansion and subsequent collapse of the protocluster, smaller sub-

clusters, which generally have hisher initial amplitudes, will already o
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form inside the protocluster (White, 1976) and the formation of the
cluster may be regarded as a hierarchical merging process of subclusters.
Violent relaxation will bring the cluster into virial equilibrium within
about one dynamical time. These later dynamical stages are best described
in numerical N-body simulations (Peebles, 1970; Aarseth and Hills, 1972
and White, 1976) which can incorporate physical processes such as sub-
clustering and vielent relaxation. The density profiles of the simulated
clusters show good agreement with observed profiles, although strong
mass segregation was found in 'lhite's model in which the particles were
assigned masses according to a Schechter function. He concluded from

the absence of luminosity senqregation observed in Coma that only a small
fraction (v 20%) of the total cluster mass could have heen attached to
the galaxies initially. The observational situation regardine the lumi-
nosity segregation in Coma has altered due to the work of (uintana
(1979) and of Capelato et al. (1980), who show that there is a definite
segregation of luminosity in this cluster. This seems in agreement with
two other recent observational results: (i) the existence of a clear
correlation between the local density of galaxies and the abundance of
morphological types (Dressler, 1980; Gisler, 1980) and (ii) a difference
between the luminosity function of ellipticals and the luminosity func-
tion of other galaxies in the sense that the fractioa of ellipticals in-
creases with luminosity (Van den Bergh and !cClure,. 1979; Dressler,

1980; Tammann, Yahil and Sandage, 1979; Thompson and Gregory, 1980). It

seems that the observed segregations of mass and of morphological type are

readily explained in a model in which early-type salaxies are identified
with the products of mergers between galaxies.of comparable mass (Toomre
and Toomre, 1972; Toomre, 1977; Roos and Norman, 1979, Paper I). This
was confirmed in subsequent cosmological simulations (Jones and
Efstathiou, 1979; Aarseth and Fall, 1980; Roos, 1981, Paper II). As
discussed in Paper II these simulations strongly indicate that the ob-
served correlation of density with mass and morphological type is pri-
marily the result of infall of small galaxies onto larnger ones during
the early stages of the formation of clusters. The infall rate, and

thus the number density of neighbours around a galaxy was found to be
roughly proportional to galaxy mass, in agreement with the infall model
by Gunn and Gott (1972).

In previous N-body simulations in which inelasticity effects are
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included, particles were given equal masses initially. Furthermore, the
number of particles in the simulations was too low (400-1000) to allow
rich clusters(N > 100) to form. It seemed therefore worthwhile to simu-
late the evolution of a rich cluster of galaxies starting with a realis-
tic initial mass spectrum and to compare the results with the most recent
available observational data. As a key parameter deternining the morpho-
s logical type of a galaxy we will adopt A, the ratio of the infallen mass
| in the form of smaller galaxies over the original mass (see Paper II).

In section 2 the initial conditions and results of the numerical

SIE SRR

experiments are presented. Also presented are some comparison experi-
ments, such as an experiment with a slightly larger initial expansion

: velocity to simulate the expanding universe in which the cluster may

oy e

form. In section 3 the nrmerical results are compared with observations
and in section 4 the evolution of a rich cluster after its collapse and ‘

i virialisation is discussed. The results are summarized in section 5.

2. Numerical experiments.

2,1 Initial conditions.

(i) Mass function.

The luminosity function of galaxies in and outside clusters is
well described by a function of the form (Schechter, 1976)

' o *
n(L) dL = o* @/®) /L 4 )

where n(L) dL is the number of particles having luminosity in the inter- o
val [L, L+dL] and n* is determined by the total number of galaxies per

unit volume. The characteristic luminosity L* is about 4 1010 Le (in the g
visual) and a = ~1.25. The form of this function is identical to the
mass function derived by Press and Schechter (1974) for self similar
clustering (see also Efstathiou, Fall and Hogan, 1979). In the case of

a Poissonian initial fluctuation spectrum they find a = -3/2. In Paper

ST G Rt e e

sl

II it was found empirically that, for Poissonian initial conditioms, the

oA T e e P T
AR e i R

g
‘ merging probability for a pair of galaxies was proportional to their ’ﬁ
‘ combined mass . It was pointed out that this would lesd to exactly the i%
- &
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same mass function with @ = =3/2, Therefore we have adopted the following
initial mass function

»*
*)-1.5 -m/m

w* (m/m e dm, m>mo.
n(m) dm ={ . .
0 ’ ™ < Moin

For the characteristic mass.of the particles m® we have chosen

n* =6 x 1012 MG yielding a mass-to-(visual)lightratiooflSOﬁG/LOandthe
simulation particles are to be identified with galactic halos. The mini-
mum mass of the particles was moin C 0.1 m* yielding a mean initial mass
per particle of m>, = 0.35 m*. The total number of particles required
to simulate a rich cluster having typical mass 10! My is then about
500. Without the cut—-off of the mass spectrum the mass below Moin would
account for 287 of the total mass. The contribution of this mass to the
mass accreted by galaxies having a mass m is about a fraction M(< mmin)/
M(< m) of the total mass accreted, where M(< m) is the total mass of
galaxies having mass smaller than m. This is about 60% at 0.4 m*. 407

at m" and 30% at 2.5 n". Although the adopted cut-off will thus have a
significant effect on the evolution of the mass spectrum (Section 2.2.2)
we have not lowered it in order to keep the number of particles in the

simulation and hence the computation time within reasonable limits.

(ii) Collision cross-sections.

The radius of the particles having mass m™ is 150 kpc yielding a
(one-dimensional) internal velocity dispersion of these simulated halo
galaxies of about 200 km sec™!. The radius of the particles scales with

4

tent with the observation that the (central) surface brightness of

mass as R « m*, Assuming constant mass-to-light ratio this is comnsis-
(elliptical) galaxies is independent of luminosity (Faber and Jackson,
1976). The inelasticity of thé encounters among the particles depends

on their assumed internal velocity dispersion, which should scale as
n!/%. We have ignored this and adopt for all particles am internal
velocity dispersion of 200 km sec™!. The loss of orbital energy in
collisions and the merging criteria were the same as in Paper II. Mass
loss was ignored. The gravitational potential for the mutual interaction
of two galaxies was calculated from

$., = -G m.m, (1:']?.j + 52)-i,

ij i3
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where G is the gravitational constant, rij is the distance between the
galaxies and £, the usual softness parameter, is equal to 0.6 times the

radius of the largest galaxy (see Paper II).

(iii) Cluster parameters.
Initially the particles are distributed at random in a spherical

volume of radius Ri (subindices i and f denote jpitial and final respec-
tively). From the amount of clustering produced in expanding universe
simulations it was found that galaxies are formed within ~ 10% yr after
the Big Bang. This will be approximately the starting time of the cluster
simulations. The general Hubble expansion velocity is then about

H, = 103 km sec 'Mpc !. The collapse time of the Coma cluster which has a
radius R ; = 2.8 Mpc and mass M, = 2 x 10'8 My is

R /2 M -3/2
1 cl
T =35 1o9t__£L_ff l________.] yr
c 2.8 Mpq 9%1015 u@

(Gunn and Gott, 1972). In terms of the initial parameters of the proto-
cluster it is
T, = Hll (e, - 1)-3/2

for ni = 1, where ni is the initial ratio of the density over the criti-
cal density. It follows that ni = 1.7 to obtain a collapse time of
5%10% yr. The initial radius of the expanding sphere is them about 2 Mpc
for a cluster of mags 1.5x10!° HQ (Ni = 700). This yields a reasomahle
value of 2.3 R for the mean interparticle distance in the initial dis-
tribution. The radius of the sphere containing all the particles at

maximum expansion can be estimated from

= - q. Tl
Rmax/Ri ( 9 )

and the radius of the virialised cluster will be N!Rmax = 2.5 Mpc. The

models were allowed to evolve for a total time of 1.5x1010 yr.

(iv) Computational techmique.
The numerical code used to integrate the equations of motion was

identical to the version of the Aarseth~Ahmad-Cohen code used in Paper I.
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Figure 1. Projected distribution of particles at the end of
the simulation in Model 1. The sizes of the parti-
eles as shoum are smaller by a factor 7 than in
the Model. Croeses correspond to the initial mass
of the particles and eireles to the infallen mass.
The erosses are omitted for A > 1.
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Figure 2. Number of mergers per 1 0’ yr and disperaion in
random velocities in Models 1 (CL) and 5 (EU) as
a function of time. Error estimates can be made
from Table 2.

¥ Table 1. Model Parameters. ‘
Ni Hi Qi Nf cxf

: [100 km sec™! Mpe~l] [100 km sec™!]]
' 1 700 12.0 1.75 240 13

Clusters 2 350 42. 1.05 132 2.7
00 3 350 36.2 1.4 98 9 ¢
i 4 350 18.2 5.6 78 11 '
" Exp. Un. 5 700 19.4 0.66 410 1.2
b |
t -
The computations were carried out on an Amdahl V7B computer. "
i
3 2.2 Results, g
, g
! Besides the standard cluster model (Model 1) we have calculated 3
some other models. We also did an expanding universecalculation (odel 5)
with @ = 0.07 and H, = 60 kn sec”! Mpe~l. At the starting time this
& i
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Table 2. Merging Probabilities for Different Mass Groups.

Model 1 (Cl1)

0l0
£/1010 yr Pml sz Pm3
0.0-0.2 (1.4%0,2)107} (3.6x£0.4)107! (9.7+1) 1071
0.2-0.5 (4.2¢1) 1072 (2.5%0,3)107¢ (3.8+0,4)107}
0.5-1,0 (2 *2) 1073 (4 =*1,5)1072 (8.5¢1,5)107"
1.0-1.5 (2,5¢2) 1073 (1 1) 1072 (4,5£1) 1072

Model 5 (EU)

10
t/10'Y yr Pml sz Pm3
0.0-0,2 (0.9%0.1)10~! (2.120.3) 107} (5.1%0.1)10"1
0.2-0.5 (1.5+0.5)10™2 (1.2:6.2)107} (1,920.3)1071
0.5-1.0 (3.2¢1.5)1073 (3,2¢0.1)1072 (5.8+1,4)107"
1.0-1.5 (2.4%2) 1073 (1,9+1) 1072 (4,441) 107

model differs only from the cluster model in the initial expansion
velocity. Parameters for the models are given in Table 1. Column 1
gives the model number. The number of particles, expansion velocity and
density parameter at the starting time are given in columns (2), (3)
and (4) respectively. The final number of particles and (3~dimensienal)
dispersion in random velocities are given in columns (5) and (6). In
Figure 1 the projected distribution of particles in the standard
cluster at the end of the simulation is given. The final radial distri-
bution of mass in cluster simulations has been discussed by Peebles
(1970) and by White (1976). The distribution in our final model 1 is
similar to that found by these authors.

(i) Merging rate. )

In Fiqure 2 the total number of mergers per 109 yr as a function
of time 1is given for the standard cluster model (Cl) and for the ex-~
panding universe (EU) model. In the same figure the dispersion in random
velocities in both models is given. The velocity dispersion in the

cluster model is steadily increasing during the expansion and subsequent
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Figure 3. Final mass functions in Model 1 and 5. Here n(m) is
the number of particles per interval A log m = 0,2,
The dashed line is the initial mase function. The
curve of short dashes is the mass function of the
form given by equation (1) with a = ~1 and a break
at 2.5 m , normalized to yield the same total
number of particles as in the final Model 1.

éollapse due to the development of subclustering (cf. White, 1976). Al-
though the collision rate in the cluster increases during that stage,
the merging rzte decreases because the velocity dispersion becomes lar-
ger than og. As a result the final merging rates in the two models in
Figure 2, which differ widely in mean density, are remarkably similar.
Merging probabilities as a function of time for galaxies in three
mass groups are given in Table 2. The probabilities Pm , Pm and Py
are defined as the total number of mergers per 10° yr among galaxles,
with the mass of the most massive one lying in the range 0.16 < m, /m*
< 0.4, 0.4 <m, /a* < 1 and malm > | respectively, divided by the total
number of galax1es in that mass range. The errors in Table 2 represent
standard deviations from the mean. For a random combination of pairs the
ratio Pml : Py m, : Pma would be equal to N(< m ) N (< m ) t N{<m ),
where N(< ml) is the number of particles hav1ng mass < m « The latter
ratio is about 0.7 : 0.9 : 1 which is clearly different from the ratios
given in Table 2. The probability is about proportional with mass. It
was found in paper II that this is not due to the larger size of the

more massive galaxies and that the infall model provided a good
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Figure 4., Fraction of particles having A in the indicated
range as a function of mass in the final states
of Models 1 anc” 5. Error estimates can be made
from Table 3 and Figure 3.

explanation of this behaviour. It is surprising that this relation
seems to hold even at late epochs in the expanding universe model as well

as in the cluster model.

(ii) Mass functions.

In Figure 3 the initial mass function and the final mass functions
for Models 1 and 5 are shown. The flatness of the final mass functions
at the lower mass end of the spectrum and the depression at m/m"= 0.6
are probably due to the low mass cut-off. Figure 4 shows the fractions
of galaxies for different ranges of A, the ratio of the amount of
accreted mass over the original mass of the particles. As can be seen
from Figure 4 the depression in the mass functions in Figure 3 lies just
in the region where a considerable fraction of the galaxies has accreted
an amount of mass comparable to their own mass thereby moving to higher
total mass. Although at small masses the amount of accreted mass is
underestimated due to the cut-off of the mass spectrum, the increase
in the fraction of particles having large with mass is mainly due

to the infall rate being proportional to mass.

In Figure 5 the final mass functions of some clusters having differ- ;
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Figure 5. Final mass functions in Models 2, 3 and 4.

Table 3, Mass Segregation at the end of the computation for Model I.

<m> /m" N <BE>/<BE»aj; <R>T <3250jj; GBdT %94
0.4 96 0.86 3.9 3.2 13.5 7.3
1.0 52 0.85 3.8 2.9 14.1 10.2
2.8 41 1.05 2.9 2.0 13.5 8.8
6.2 39 1.2 2.9 2.2 12.8 8.8
17.0 12 1.9 1.2 0.9 10.8 6.8

+

Radii are in Mpc's, velocities in 100 km sec™!,

ent collapse times are given (see Table 1). After the collapse of Model
4, which has a very short collapse time, a central massive galaxy grows
by merging with other galaxies. The mass of the cannibal is 40 "

at the end of the simulation.

(iii) Mass segregationm.

The amount of mass segregation in the final cluster is quite strong,
a result also found by White {1976). In Table 3 some quantities for the
different mass groups in the final cluste" model are given. The mean
mass and total number of particles per mass group are giver in columns
(1) and (2) respectively. The ratio of the binding energy per unit mass
in these mass groups over the mean binding energy of all particles is
given in column 3. Columns 4, 5, 6 and 7 contain the mean radius, mean

projected radius, 3 dimensional velocity dispersion and line-of-sight
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Figure 6. Ratio of final over initial mean mass of the par-
ticles tn Model 1 and 5 as a function of number
density of neighbours as defimed in the text.
Stars (%) give the over-all mean mass and number
dengity of the particlea in the Models.

velocity dispersion respectively. The most massive particles are found
closer to the cluster centre and have a higher mean binding energy per
unit mass than the smaller ones, The difference in binding energy be-
tween the most massive and the lighter particles seems somewhat smaller
than in White's model although the final mass function in our model ex-
tends to larger masses. From his Figure 4 we find that the ratio of the
mean binding energy per unit mass of the 14% most massive particles
having masses in the range 0.51 < m/m* < 4 to the 577 light particles
with m < 0.18 m* is about 2.2. In our model the ratio of the mean bind-
ing energies of the 14% most massive particles over the 537% lightest
particles is about 1.8. The difference may be due to the depletion of
massive galaxies in the central region of the cluster due to merging.
We have also determined the relation between the mean mass of par-
ticles and the (local) demsity of neighbouring galaxies similar to the
relation between the frequency of morphological types and local (pro-
jected) density determined observationally by Dressler (1980). For each
particle the radius of the sphere, centered on the particle, containing
the two nearest neighbours was determined. The relation between the
mean mass and neighbour density of the particles in these spheres is
given in Figure 6. The mass-local density relation in the cluster is in

reasonable agreement with the extension of the mass-local density
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relation in the expanding universe simulation indicating that a similar
mechanism is causing the mass segregation in both models, White (1976)
ascribes the steady increase of the binding energy of the most massive
particles during the expansion and collapse of the cluster to the effect
of two-body relaxation. However, the two-body relaxation formalism is
not strictly applicable under the conditions existing during these early
stages of the model. In Paper I it was found that the infall model of
Gunn and Gott (1972) provided a goad explanation of the clustering
process during the early stages of the expansion. If the particles are
distributed at random initially, the most massive partizles will act as
condensation nuclei for the hierarchical clustering process, the infall
rate being about proportional to mass. This leads to a steady increase
of the binding energy of the most massive particles (see Vhite's Figure
4) which tend to be found in the central regions of the subclusters
forming during the expansion and subsequent collapse of the cluster..
Note that merging tends to decrease the partical demsity around

J massive particles, which leads to lower binding energies and a steeper

nass—-local density relation. ‘
The velocity distribution of the particles is effected during the i
formation and merging of subclusters by the time-dependent changes in i

& the mean potential at the position of the particles (Lynden-Bell, 1967). e
This process, usually called violent relaxation, is independent of the
mass of the particles and tends to destroy mass segregation in sub-

clusters as they merge to form larger systems. However, the numerical

experiments indicate that violent relaxation is much less effective in
destroying mass segregation than one might expect. We can understand ”
: this by considering the merging process of subclusters in more detail. b
When two merging subsystems start to overlap the particles in both N
i systems feel a rapidly changing field which will redistribute the kine-
i tic energy in orbital motion over random motions of the particles in 3
" the subsystems. The increase of internal energy in the subsystems is g

mainly due to the tidal field which the subsystems exert on each other o

when they overlap. The tidal force affects the outer parts of the sub-

systems most strongly and the central parts of the merging systems sink

towards each other, transferring their orbital energy and angular mo-

R R

mentum to the outer parts. Much of the mass segregation in the sub-

clusters may thus survive during the merging process due to the
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having A in the range tndicated as a function of
netghbour density (as tn Figure 6) at the end of
the simulation of Model 1 (to the right of the
break) and of Model 5 (to the left of the break).
Full lines give the fractions of S0 and F
galaxies from Dressler (1980).

b. Results of caleulations similar to those in
Figure 7a, in which the particles have effective
sizes smaller by a factor 5.

different behaviour of the core and halo particles in the merging sub=-

(iv) A Segregation.
Since the fraction of particles with large values of A increases

with mass, it is not surprising that mass segregation is accompanied

by a segregation between particles with large and small values of A. In

Figure 7a the fraction of particles having A > | and the fraction
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having 0 < A < | are given as a function of local neighbour density (as
defined above). Note that at high densities the fraction of particles
having A > 1 increases at the expense of the particles with 0 < A <1
due to merging in the central regions of collapsed (sub)clusters. In
Figure 7b the results of simulations in which the particles were given
effective collison radii of 1/5 Rg are shown. The merging rate
after the collapse of clusters is now considerably depressed resulting
in a higher fraction of particles with 0 < A < 1.

3. Comparison with Observations.

The calculations discussed in the previous section model the evo-
lution of a cluster in a very crude and schematic way, and it may there-
fore be useful to mention some of the difficulties that hamper a com-
parison of the results of the simulations with observations.

(a) Although the initial mass function is consistent with a Poisson
distribution of particles, the initial small-scale distribution of the
particles may be different from a distribution resulting from hierar-
chical clustering prior to the starting time of the model.

(b) The particles represent dark galactic halos, formed in the hierar-
chical clustering process. The epoch of cluster formation is assumed to
set in when small luminous disk galaxies are formed in the cores of
these halos. These galaxies may then survive during the subsequent
clustering process due to their small cross sections (White and Rees,
1978). The destruction of halos via tidal interactions is not accounted
for in the model. The merging rate among the simulation particles in
the collapsed cluster is therefore probably considerably higher tha&
the merging rate among galaxies in rich clusters. This will predominant-
ly affect the high mass part of the mass spectrum because the massive
particles tend to be in the central regions of the cluster.

{c) The mass swallowed by galaxies having small masses is underesti-
mated due to the low mass cut-off in the mass spectrum.

(d) The assumption of constant mass-to-light ratio may not be valid.
In Paper II it was found that the clustering properties of earlytype
galaxies were consistent with a higher mass and higher mass-to-light
ratio for these galaxies than for late-type galaxies.
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(e) Although it seems plausible to explain the presently observed mor-
phological galaxy types as the result of an evolution along the sequence
(Sc-Sb~Sa)-SO-E due to an increase in the parameter A (Paper II), we do
not know exactly what range in A to assign to a particular type.

Keeping these points in mind we will now compare the properties of
the simulation particles discussed in the previous section with observed

properties of galaxies.

(i) Luminosity functionms.

Luminosity functions of galaxies in rich clusters decrease exponen-
tially (or steeper) with increasing luminosity at the bright end if one
excludes the brightest cluster members (Schechter, [1976; Dressler,
1978a). Sandage and Hardy (1973) found that these first ranked galaxies
tend to be brighter in rich dense clusters than in poor clusters while
the next brightest galaxies are less luminous, suggesting that the first
ranked cluster member has grown at the expense of the other bright
galaxies in the cluster. This effect tends to steepen the bright side
of the luminosity function and to shift L* towards lower luminosities
(Hausman and Ostriker, 1978). The final mass function in the cluster
simulation is not as steep as the observed luminosity functions. The
final mass function in Model 1 can be described reasonably well by a

function of the form m~! e ™™

1 with m = 2,5 m*T The flatness of the
mass function may partly be due to the low mass cut off and to the high
merging rate among the massive.particles in the central regions of
collapsed (sub)clusters (see b and = above). Note that the run-away of
a first ranked galaxy in the centre of a cluster, accompanied by a
steepening of the bright side of the luminosity function is seen in

the high density cluster of Model 4. A similar effect is also found in
other simulations (Aarseth and Fall, 1980).

A number of observational investigations has shown that the frac-
tion of elliptical galaxies increases towards the bright end of the
galaxy luminosity function (Van den Bergh and McClure, 1979; Dressler,
1980; Tamman, Yahil and Sandage, 1979; Thompson and Gregory, 1980). In
Paper I it was suggested that this could be explained in the infall
model if ellipticals are identified with particles that have accreted
more than their own mass during the epoch of cluster formation. Thisg

result is confirmed here (see Figure 4). Although the amount of accreted
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Figure 8. Mean separation distance (), ,) and harmonic mean

separation distance (A_,) ( 55eraged over the re-

sulte for different R ; see text) for particles
in different mase groups in Model_ 1 as a fynction
of mass. The over—all values, )&u and )‘?-1 for
different R are given in Table 4. The dotted
line is for a model similar to Model 1 in which

the particle encounters were purely elastic.

Crosses give the mean separation distances for
galaxies in different groups of avvarant (vieual)
magnitude tn the Coma eluster (Capelato et al.1980).
The upper and lower scales are matched for a
mage-to-1light ratio of 500 MO/LO’

matter is underestimated at small masses, the increase in the fraction
of particles with large A at m > n* must be quite realistic., The mass
spectrum of particles with large A extends to larger masses than the
particles with A = 0. However, the luninosity function of ellipticals
(first ranked galaxies excluded) does not seem to extend to larger lu-
minosities than those of spirals (see Dressler, 1980). This can be ex-

plained if both the mass and mass-to-light ratio of ellipticals are
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Table 4% i

Model | Coma .
Rooe 6 3 1.5 1.3
all
Ml 3.0 1.7 1.0 0.95
A2t 1.4 0.9 0.6 0.6

¥ Distances in Mpe's.

about a factor two higher than those of spiral galaxies (see point (d)).
Note that this would also yield a steeper luminosity function than the
mass function given in Figure 3.

(ii) Luminosity segregation.

The frequency of early~type galaxies in rich clusters increases
with the number density of neighbours (Dressler, 1980). In our model
this implies the presence of mass segregation. Luminosity segregation
will be much weaker than mass segresation if the mass-to-light ratio of
these galaxies is larger than the mass-to-light ratio of the less
massive spiral galaxies. Luminosity segregation will also be weakened é
by tidal stripping of galaxies in the central regions of rich clusters
(section 4.1). Therefore, it should perhaps not be surprising that
little evidence for luminosity segregation in rich clusters has been
found (Oemler, 1974; Dressler, 1980; see also Bahcall, 1977 and referen-
ces therein). Nevertheless, recent studies of the luminosity distribu-
tion in the Coma cluster by Auintana (1979) and by Capelato et al. (1930)

have revealed a definite luminosity segregation in this cluster. quintana

found that the core radius of the radial distribution of galaxies in

Coma increases with decreasing galaxy luminosity. Capelato et al. have
shown that the mean separation and mean harmonic separation of palaxies
in different luminosity classes depend systematically on luminosity. ;
The mean separation and harmonic mean separation of the galaxies in a 4
luminosity group are defined by

A =-l—. R r i

1 i 4 . k

p 73 1 ‘

and by i
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respectively, where Np is the number of all pairs in that luminosity 1

group and rij are the pair separations. In Figure 8 the results obtained

by Capelato et al. are compared with the results from Model 1 (averaged

over the situation at {3, 14 and 15x10% yr after the start of the simu-

lation). The mean separations for all particles, Aall and xill, depend

g Ay et

+1 t :
on the size of the region considered. In Table 4 the values for Ai}l i
i and Af}l in the cluster model are given for different sizes of the :

spherical region centered on the centre of mass of the cluster. Capelato @
et al. have studied a region of radius 1.3 Mpc (Ho = 50 km sec™! Mpe™1)
around the centre of Coma. The mean radii in the cluster model given in
Figure 8 are obtained by averaging the results for Roax = 1.5, 3 and 6

Mpc to decrease the statistical noise due to small numbers. This proba-

bly does not weaken the comparison since no systematic change in the

4

4
A
13

correlation between the mean separations with luminosity was found when

varying Rmax in the cluster model. Comparing the final situation in

IR
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tiodel 1| with: (1) the results of Capelato et al., (2) the situation in
Model 1 directly after its collapse (t = 6 109 yr), and (3) the final
situation in a model, similar to model 1, in which encounters among par-
ticles were fully elastic, we reach the following conclusions,

(1) The mass segregation in the numerical cluster model is consistent
with the observed segregation of luminosity in Coma.

(2) Mass segregation comes about mainly during the initial expansion
and subsequent collapse of the cluster,

(3) The mean separation distance of the particles in the hiphest mass
group is significantly increased due to merging among these particles.
The increase in mean separation distance among the brighter cluster
members in model 4 is illustrated in Figure 9. This confirms Dressler's
interpretation of the observed lack of luminosity segregation in cD
clusters (Dressler, 1978b) as the result of merging of bright galaxies

with the central giant.

(iii) Type segregation.

A well defined relation between the frequencies of E and SO
galaxies and local density was found by Dressler (1980). In Figure 7a
his results are compared with the relation between local density and
the fractions of particles having A > | and 0 < A < | respectively. The
total fraction of early-type (E + S0) galaxies agrees reasonably with
the fraction of particles having A > 0. At low densities there is
reasonable agreement between the fractions of elliptical and SO galaxies
and' the fractions of narticles with A > 1 and 0 < A < | respectively.,

At higher densities jowever, the fraction of ellipticals is lower than
the fraction of particles with A > | and the fraction of S0's is higher
than the fraction of particles with O < A < . The rise of the fraction
having A > 1 at the expense of the fraction having 0 < A < | must be due
to merging among particles in the central regions of collapsed clusters
(see point b above). This is supported by the results shown in Figure 7b
of simulations in which the effective radius of the particles is smaller

by a factor 5.
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4, Evolution after Collapse of the Cluster.

4.1 Tidal stripping.

As the velocity dispersion of the galaxies in the protocluster
rises, the merging rate drops, but the collision rate steadily increas-
es, The internal energy of two colliding galaxies increases due to the
tidal force which they exert on each other. This will lead to mass loss
from the outer parts of the galaxies. Galaxies in rich clusters may
have lost a considerable fraction of their halos by this mechanism
(Gallagher and Ostriker, 1972; Richstone, 1974). A realistic numerical
simulation of the tidal stripping proces requires that the particles
representing the stripped halo mass are less massive than the galactic
particles. This implies that the number of particles in the simulati-
on rises inversely proportional to the mass of the galactic particles.
Therefore, we have not allowed mass loss to occur in the simulations,
Instead, we will give here a simple analytic estimate of the mass loss
occurring after the collapse of the cluster using the cross sections ob-
tained in Paper I.

The fractional change of internal enmergy of a galaxy colliding

head-on with another galaxy of equal mass is approximately given by

- 2
AU/U = 6 (ag/vcoll)

(see Paper I), where Vco11 is the relative velocity of the colliding

galaxies at smallest separation distance. The relative velocity at in-

finity is related to vcoll by
2 . y2 - 2
Ve = vcoll 8 ag

where cg is (3-dimensional) internal velocity dispersion of the galaxies.
For high velative velocities (V »> 08) the fractional change in inter-
nal energy can be approximated by

AU/U = 3.6 (ag/V)z (2a)

which is in reasonatle agreement with the impulsive approximation
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(Spitzer, 1958). The decrease of AU/U with increasing impact parameter
I can be approximated for p < Rg by
AU/U « (1 - 0.8 p/RP) (2b)
where R is twice the radius containing half the total mass M_ of the
galaxy.JFcr P> Rg the impulsive approximation suggests AU/U = (p/R?)'“.

For a homogeneous distribution of identical galaxies having number
density n_, the rate of change in internal enerpgy of a galaxy is piver by

ldu e ;o 0,2
TaE Tt " R of qf W) # (W) 3.6 P vavap
8
where
(1-0.8 p/R) p/R2 , p <R
v(p) = & & & (3)

0.2 (p/R )™ p/R? » R
( (p/ g) P/ g’ p e
The velocity distribution of the galaxies in a collapsed and virialised
cluster is approximately Maxwellian. The distributions of relative

velocities is then given by

/2 —av2 /a2
AT WO 2 gy, (4)

3
2 /a o2

where “e1 is the (3-dimensional) velocity dispersion of galaxies in the
cluster. The lower limit of the integration over V is determined by a?
! ! - >

(V) av =

since collisions with V < ¢_ result in merging, of the colliding galaxies.

Performing the intenrations'in (2) yields

qau 2 -3 02/492
ac 2,5n WRB ag (GP g cl.

g /o) e

1

u
Note that the fractional change of energy found here is more than an
order of magnitude larger than Richstone's result (1976). The behaviour
of the energy change with collision velocity in his simulations is in
conflict with the impulsive approximation. Presumably, the discrepancy
is due to deficiencies of his model. Substituting parameter values
appropriate for a galaxy moving in the core of typical rich clusters
like Coma (Abell 2256) we find
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U dt c | 100 kpc
where

-1 2

a n a

k=32 a_ | [ ¢ ] [ d l (10%r) ™1
¢ lwoo tm sec 1000 Mpc~31 1200 km sec” @

We do not know how the density distribution of a galaxy is affected
when its internal energy increases due to one or several collisionms.
However, the impulsive approximation and the results of numerical simu-
lations sugpest that the outer parts will be preferentially stripped
leaving the central regions intact. We will assume that galaxies are
approximately isothermal within some tidal radius Rg and that the velo-
city dispersion in the central parts of the galaxy does not change in
collisions, implying

-du/u = <mg/mg = ng/Rg. (8)

It may be worthwhile to mention that the stripped mass is rnot necessari-
ly lost from the galaxy in the sense that it is not bound to the galaxy
anymore. A large fraction of the stripped mass may form an extended,
loosely bound hal. around the galaxy which is easily stripped in sub-

sequent collisions. Integration of (6) using (8) yields

RO ]2
R (6) = R,(0) (1 + 2K [Tﬁ(g?_kﬁ ty) )]
where ty is the time elapsed since the collapse of the cluster in 10°
yr. This result indicates that galaxies (or galaxy halos) having an
initial size of 100 kpc,will be stripped to a radius of v 18 kpc within
5x10% yr when they are moving in the core of Comz. Outside the core
region the ratio Rg(t)/R(D) decreases as <ng>i where <n‘> is the mean
density along the orbit of a galaxy. The density profiles in rich clus-
ters arewell described by bounded isothermal models in which the density

decreases outside a core radius Rc as

= Y
n(r) nc(r/Rc) for R, <r < Rc1
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where the core radius Rc is typically about 300 kpec, R 1= 10 Rc and

vy = -2.6 (Bahcall, 1977, see also Seldner and Peebles, 1977). The mean
density along the orbit of galaxies moving at a distance r from the
cluster centre varies as n_ « r~2+5 for galaxies on circular orbits.
Galaxies moving on radial ;rbits through the cluster core spend about a
fraction rIRc of an orbital period in the core indicating that <n > =
nc(rch)'l’ The size of galaxies at a distance r from the centre of a
cluster can now be estimated from (9) if Kc is replaced by

R(x) = K (e/R )7 0 20, (10)
Observational evidence that galaxies on the central regions of
rich clusters are being tidally stripped has been presented by Strom and
Strom (1978, see also Kormendy, 1977). They show that the characteristic
size of galaxies in rich clusters decreases with increasing galaxy dén—
sity as n ng'°'3. In the central regions of ¢D clusters, the effec-
tive radius of ellipticals, defined as the radius containing half
the total luminosity, is about a factor 4 smaller than in Spiral-rich
clusters while their luminosity is about } magnitude smaller. The effec-
tive radius of typical bright ellipticals (Mv = -21.5) in Spiral-rich
clusters is about 100°8 kpc. The density profiles of elliptical palaxies
are well represented by a Hubble law (Hubble, 1930) for which L(r), the
total luminosity within a distance r of the centre, increases as ln r
in the outer regions of the galaxy. The radius containing all the light

is therefore about 10048 x @2 = 50 kpc. From (9) we see that the

radius of a galaxy of this size, moving in the core of a rich cluster
will indeed decrease by about a factor 4 in 1010 yr. For an elliptical
galaxy this implies a decrease in total luminosity of about 40Z. The
mean distance to the cluster centre of the galaxies within 1 Mpe (v 3Rc)
of the cluster centre is about ZRC. Using (9) we find that these palax-
ies will decrease by about a factor 2.5 in size. For the galaxies be-
tween 3RC and lORc this is about 1.5. These estimates are in agreement
with the findings of Strom and Strom and support their suppestion that
the dependence of galaxy size on cluster density is due to tidal strip-
ping of galaxies in collisioms.

The above analysis suggests that a significant fraction of the

total light from the central region (< | Mpc) of a dense rich cluster
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originates from a diffuse background component of material stripped
from the cluster galaxies. Such a"zomponent does not contribute more
than 20% to the total light emitted by the Coma cluster (Melnick et al.,
1978, see also Thuan and Kormendy, 1977). In some cD clusters the

central giant has a huge envelope extending over ~ | Mpc. There are two
observational indications that these envelopes consist of material
stripped from the cluster galaxies: (i) the stellar velocity dispersion
in the envelope of the cD in the Abell cluster A 2029 increases with
radius (Dressler, 1979) and (ii), cD's in poor groups, in which high
velocity encounters are clearly unimportant, have total luminosities
comparable to that of eD's in rich clustevs, but do not have extended
envelopes (Schild and Davis, 1979; Thuan and Romanishin, 1981).

4.2 Evolution of the merging rate.

The merging probability per galaxy in a homogeneous distribution
of identical galaxies having number density ng can be calculated from

v
= 2 max max 3
Prerger = P " Ry J- (P/Rg) d(P/Rg) I o(V) v3 dv

0
where
P = 2 R
max -4
and
v =

max = 11 O (1 - p/b Rg)

(Paper I). The velocity integral yields

2
b V2 Jbo 2 2
737 el P e ~max' cl (1 + 3Vmax/4 Ucl) =

. 2 2 2 42
V3r Ucl 3 vmax/4°c1) for vmax << acl’

and we find
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n
= 1.7 (10° y0)7! (0 o )3 |—B—| «
Fmerger (0% 0 (1% 1000 Mpc™3

x[ R Tl _% ]

100 Kpc | l200 km sec-ll

(n

for o << o ..
g cl

Applying this result to our Model 1 cluster after collapse and viriali-
zation using <ng> = 100 Mpc™3 and 0.1= 1300 kn sec”! we find a merging
probability per galaxy of about 1072 (10% yr)~! in good apreement with
the merging probability given in Table 2, The result given above can be
neneralized using (9) and (i10) to obtain the merging probability as a
function of distance tc the cluster centre of time passed since the
collapse of the cluster. We find

= 0. 9 -1 o [o )2 K(x) R2
Prerger (Fr8) = 0:11 (109 yr) (0g/0,)" K(r) RT
(12)
2 -1
x (1 + 2 K() R0 tg)
where RIOO is the radius of the galaxies in 100 Kpc at t = 0, For
2 y=1 this vi
kg >> (2 K(r) RIOO) this yields
= Q. 109 yr)~ 1 2 71
Prerger 0.05 (107 yr) (cg/ccl) t, (13)

and the merging probability is independent of the distance to the clus-
ter centre.

The mean merging probability of the galaxies in numerical cluster
models drops by about a factor 10 during the collapse of the cluster
due to the increase in velocity dispersion in the cluster. From the
above analysis we conclude that after collapse the merging probability
decreases further due to tidal stripping of galaxies, approaching the
density independent value given by (13). For a typical rich cluster for
which tg v 5 this is about a factor (og/ocl)2 smaller than the mean

merging rate among bright galaxies in the universe (Paper II).
4.3 Dynamical friction and cannibalism,

Loss of orbital energy of galaxies in clusters due to inelastic

collisjons does not play an important role if the orbital energy of the
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galaxies is much larger than their internal energy. However, the most
massive galaxies in a cluster tend to lose orbital energy and spiral
towards the cluster centre due to interaction with the lighter galaxies
(two-body relaxation) or with a smooth background of stripped halo ma-
terial (dynmamical friction). In both cases the time scale for loss of
orbital energy of a galaxy of mass Mg moving in a region of density p
is approximately given by

o M
tg = 1010 yrl cl ]/[ L—] l e ] (14)
1000 km sec~4 1012 Mo 1 L1015 Mpe™3

The most massive galaxies in the core of a rich cluster might thus form

a central giant (ecD) within a Hubble time if they do not lose too much

mass in collisions. The growth of a central giant in the centre of rich
clusters has been studied by QOstriker and Tremaine (1975, see also
Husman and Ostriker, 1978). It may be possible to estimate the present
growth rate of first ranked galaxies (FRG's) in clusters from the frac-
tion that 1is observed to contain multiple nuclei (Rood and Leir, 1979;
Hoessel, 1980). According to Rood and lLeir about 25% of the FRG's are
double with projected separation smaller than ~ 30 kpe (Ho = 50 km sec”!
Mpc~!). They give a magnitude difference between the two components of
the doubles of AM < |. The secondary component would then be one of the
~ 5 brightest galaxies in the cluster. This makes chance projection
very unlikely and, at the same time, yields a present mass doubling
time for FRG's which is comparable to the Hubble time (Tremaine, 1981).
However, both conclusions depend critically on the luminosity_of the
secondary component, which may not beeasy to determine. The total lumi-
nosity of the double FRG's in Hoessel's sample is only about 10% higher
than the mean luminosity of the other FRG's which may indicate that the
two components differ by more than two magnitudes. This would mean that
(i) a considerable fraction of the double nuclei may be chance projec-
tions, and (ii) the estimated growth rate, which is proportional to the
mass of the secondary component squared, is much smaller, even if all
the doubles are bound systems. The investigation of this paper suggests
that cD's are formed at an early stage in the evolution of clusters.
They may still be growing in collapsed rich clusters at the present
epoch but probably at a much lower rate due to stripping of cluster
galaxies in high velocity collisions.
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5. Discussion and conclusions.

We have numerically simulated the evolution of a rich cluster of
galaxies in the context of the hierarchical clustering model. The rela-
tively small number of particles whose equacions of motion can be inte-
grated within reasonable limits of computation time impedes a realistic
simulation of the formation of rich clusters of galaxies in several
ways: (i) both the small and large-scale initial distributions of the
particles should be the result of the clustering process prior to the
starting time of the model. Our choice of initial conditions may be a
poor representation of such a situation. (ii) The cut-off in the mass-
function at small masses has some notable effects on the mass function
evolution under merging (see sectiom 2.2.2). (iii) Mass loss from galax-
ies in encounters is not accounted for in the model. (iv) No distinction
was made between dark and luminous matter.

Despite these deficiencies it is pessible to draw some important
conclusions.

1. The merging probability of the particles in the simulation is found
to be about proportional to their mass in agreement with the results of
Paper I.

2. Mass segregation in the final cluster is strong (see also White,
1976). Mass segregation is already present in the subcluster that form
before the collapse of the cluster and can be interpreted in the infall
model. It is not destroyed when subclusters merge to form the final
cluster. The amount of mass segregation in terms of the change with
mass of the mean separation among the particles in different mass groups
is in agreement with observed mass segregation in the Coma cluster.

3. As a result of | and 2 the fraction of particles having large A,
the ratio of accreted mass over initial mass, increases with mass. This
is consistent with recent observations showing that the fraction of
ellipticals increases with luminosity.

4. The mean separation among the most massive particles increases due
to merging among these particles supporting Dressler's (1978b) interpre-
tation of the apparent absence of luminosity segregation im ¢D clusters.

5. The relation between local density and fraction £(A) (or fA) of
galaxies within some range of A is in reasonable agreement with the

morphological type-local density relation found by Dressler if we
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identify the ;articles having A > 1 with ellipticals and the particles
having 0 < A < | with early~type disk galaxies. The steep increase in
£(A > 1) at the expense of £ (0 < A < ]) in the simulation can probably
be attributed to the fact that the galaxies are not allowed to lose mass
which leads to merging rates for these particles which are too high.

6. An estimate of the mass loss rate of galaxies in rich clusters due
to collisions with other galaxies jndicates that galaxies in the core of a
rich cluster will be tidally stripped to a radius of about 20 kpc within
% 5 109 yr. The estimated decrease in size of galaxies imn rich clusters

seems in good agreement with the observational results of Strom and

‘Strom (1978).

7. The merging probability of galaxies in rich clusters decreases due
to tidal stripping of galaxies and approaches a density independent
value which is about a factor (c /c )2 lower than the mean merging
probability of galaxies outside rlch clusters, where ug and gy are the
velocity dispersion in the galaxies and in the clusters respectively,

The situation in the core of a rich cluster may be somewhat more
complicated since massive galaxies tend to be dragged towards the
cluster ceutre where they may form, or be swallowed by, a central
cannibal, The merging rate for this central giant probably has been
decreasing after the collapse of the cluster, but it may still be
higher than for galaxies in the field.

The observed decrease with z (z < 1) in the fraction of Spiral-like
galaxies in rich clusters (Butcher and Oemler, 1978) may be related to
the stripping of galaxies in the initial epoch shortly after collapse
of clusters. The dependence of merging probability on environment may be
important for models in which activity in galactic nuclei is caused by
mergers (Roos, 1981). The steep evolution of the merging rateAby a
factor of order 100 during and after the collapse of a rich cluster,
which occurs at a relatively recent epoch (z < 1) warrants a comparison

with the cosmological evolution of active galaxies.
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CHAPTER V

GALAXY MERGERS AND ACTIVE NUCLEI

Abstract.

The tidal disruption rate of stars near a central black hole in a
galactic nucleus may be considerably enhanced during a merger of a
galaxy with a smaller companion due to scattering of stars into loss-
cone orbits by the perturbing gravitational field of the intruding
galaxy. For conditions in galactic nuclei similar to those in the nu-
cleus of the Milky Way, a maximum luminosity of ~ 1046 erg sec™! and a
total energy production of about 10%? [Mhole/IO7 M| erg in ~ 107 yr
may be obtained in such an event. Using a merging rate consistent with
observational data and with cosmological simulations the fraction of
galaxies which are active at some level of total luminosity is estimated.
The agreement between the model prediction and observed luminosity
functions of active galactic nuclei is encouraging. The cosmological
evolution of active galaxies is discussed briefly in the context of the
merger model,

If both merging galaxies contain a central black hole, a binary
black hole system will be formed at the centre of the combined galaxy.
Numerical three-body experiments were performed to investigate the
evolution of the binary due to three-body interactions with galactic
stars. It is concluded that the minimum separation distance that the
binary may reach via interactions with these stars is probably suffi-
ciently small so that gravitational damping can take over and ensure

merging of the holes within a Hubble time.

|. Introduction.

Massive black holes are frequently invoked as the primary component
of the powerful energy sources in QS0's and active galactic nuclei.
Such objects may have grown by accretion of gas produced by tidal dis-
ruption of stars in the vicinity of the hole or by star-star collisions

in the nuclei of galaxies (Hills, 1975; Young, 1977; Frank, 1978).
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Tidal disruption of stars near the black hole is a particular attrac-
tive fuelling mechanism because it occurs very close to the hole. The
debris of the tidally disrupted stars will be strongly bound to the
hole and is likely to be swallowed by it. In galactic nuclei of typical
densities 107 ¥ pc~? and core radii of about one pc this may yield

1. The disruption rate of stars near the

luminosities of ~ 10** erg sec™
hole is limited by the existence of a loss-cone within some critical
radius of the hole. Within this critical radius stars that are dis-
rupted near the hole canmot be replaced by other stars via two-body
relaxation in one stellar orbital time (Frank and Rees, 19763 Lightman
and Shapiro, 1977). In order to explain the high luminosities of > 1046
erg sec”!, observed in active galaxies and 0SO's, higher central densi-
ties are required. In such nuclei, however, most gas is produced in
star-star collisions occurring at a much larger distance from the hole
(Frank, 1978) and the fraction of gas consumed by the hole is again
uncertain.

In previous investigations the galaxies were considered as isalated
systems, undisturbed by other galaxies. However, interactions among
galaxies are probably quite common. Most galaxies are observed to have
close companions (Holmberg, 1969) and the appearance of peculiar ga-
laxies can often be interpreted as the result of tidal interactions
with a nearby galaxy (Toomre and Toomre, 1972). Such interactions, which
are likely to result in rapid merging of the two stellar systems within
a few galactic rotation times,may have played an important role in the
evolution of galaxies. It seems therefore worthwhile to investigate
whether there might be a link between merging and activity in galactic
nuclei. There are several reasons for suspecting such a relation. It is
well known that strong radio sources are nostly associated with ellip-
tical galaxies, and it has been argued that ellipticals may well be
merger products (Toomre and Toomre, 1972; Jones and Efstathiou, 1979;
Aarseth and Fall, 1980; Roos, 1981). Furthermore some nearby active
elliptical galaxies show signs of recent merging, e.g. Fornax A (Schwei-
zer, 1980) and Centaurus A (Tubbs, 1980). Finally, precession of radio
beams, as inferred from rotational symmetry observed in many extended
radio sources, may be explained by the existence of a binary black hole
in the nucleus produced by merging (Begelman, Blandford and Rees, 1980).

In this paper we will investigate a simple mechanism to enhance
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the tidal disruption of stars near a black hole in a galactic nucleus
during a merger: repopulation of loss-cone orbits via scattering of stars
by the intruding galaxy. The tidal disruption of stars near a black hole
in a galactic nucleus may be enhanced considerably over the (guasi-)
stationary disruption rate in this way, and luminosities of ~ 10"6 erg
sec™! may be obtained for nuclear densities of ~ 107 Yy pc~3.

We know very little about the conditions ingalactic nuclei, but for
our galaxy we have information on the mass distribution to within 1 pc
of its centre (Oort, 1977). The density keeps rising with decreasing
distance to the centre as r~!'® to within r = 1 pc, where it reaches a
value of about 106 My pc~3, If our galaxy contains a massive central
object of a few times 108 Mg as suggested by infrared observations
(Wollman et al., 1977), this is about the distance where the stellar
distribution starts to obey the cusp solution with density rising as
r=7/% and velocity dispersion as r_i (Bahcall and Wolf, 1976). There is
no evidence for the existence of a core region where the density prefile
is flat. A similar situation may exist in other galaxies. Observed sur-
face brightness profiles of elliptical galaxies are often fitted to a
Hubble or a King law. However, Schweizer (1979) has pointed out that if
the effect of seeing is properly taken into account there is little
evidence that galaxies have flat central density profiles. This has im-
portant implications for fuelling models of central black holes. The
high central density in our galaxy is favourable for growth of a black
hole via accretion of gas produced by tidal disruption of stars or in
star—-star collisions. These processes clearly cannot be very important
if massive black holes are embedded in extended low-density cores. In

this paper we will generally take the conditions in our galaxy as fairly
representative for conditions in other galaxies and assume that galaxies
do not have flat central density profiles.

In section 2 we will first discuss the dynamical evolution of a
merging pair of galaxies one or both of which containing a central
massive black hole. If both stellar systems contain a black hole a bi-
nary black hole will be formed at the centre of the combined galaxy due
to dynamical friction. The next stage of evolution of the binary depends
on the amount of energy that it loses to stars cominy within its
orbital radius. Numerical three~body experiments were performed to ex-

plore this stage of the binary evolution. The results of these simula-
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tions are presented in section 2.2 and their implications discussed in
section 2.3. In section 3.1 we briefly review the (quasi-)stationary
fuelling rate of a massive black hele in a galaxy which is not disturbed
by intruders. In sectiom 3.2 the tidal disruption rate during a merger
is estimated and discussed for some particular cases, Some other observ-
able phenomena which may accompany the activity of a galaxy in the

model presented here, such as precession of radio beams and activity of
the secondary component, are also discussed. In section 4 our knowledge
of the merging rate among galaxies and of the dynamics of the merging
process is combined with the results of section 3 to estimate the frac-—
tion of galaxies that are active at a given level at the present epoch,
The total luminosity function of active galaxies iz then estimated from
available radio, optical and X-ray luminosity functions and compared
with our predictions. The cosmological evolution of the space density
of active galaxies is also discussed briefly. Results are discussed and

summarized in section 5.

2, Dynamics of the Merging Process.

2.1 Merging of galaxies and the formation of binary black holes.

The merging process of a small galaxy having mass mg can be de-
scribed in terms of dynamical friction. The smaller galaxy, moving with
velocity V at a distance r from the centre of the larger galaxy, loses

orbital energy E according to

Z 5()
& _ _, olg 2"
at 41 G ) ln A, (n

if V(r) 2 ag(r}, the one-dimensional velocity dispersion of the stars
in the larger galaxy (Spitzer, 1962). G is the gravitational constant.
The standard Coulomb logarithm ln A will be of order unity if we take

A equal to the ratio of the sizes of the two galaxies. The density of
the larger galaxy at r is given by p(r). We assume that this density is

given by a power law
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p(r) =p, (r/ro)* (2)

where Po is the density at some reference distance L It will be gen-
erally assumed in this paper that the stellar distribution is isothermal,
implyingy = -2 (o(x) = o), Cosmological simulations indica;e that most
mergers occur between galaxies in bound orbits (e.g. Aarseth and Fall,
1980). The orbital velocity V of the two galaxies will then be compa-

rable to o, and the dynamical friction time at r, defined as

1 dE\=1 . .
(E it is well approximated by
t £ (r) = tdyn (r) Mg(r)/mg. (3)

The dynamical time t (r) is defined as r/o and Mg(r) is the large

galaxy's mass withindZ? As the smaller galaxy spirals inward, it will be
tidally stripped and its density distribution will be truncated at some
radius r, where the demsities of the two systems hecome comparable. If
both galaxies have a density distribution of the form (2) with indices

Y and y', the mast ratio of the two galaxies varies as M (r)/m (r )

S0y

. For y = y' this is a constant and the smaller galaxy splrals

inward with radial velocity a m, ﬂﬂ. At some distance the galactic den—
sity profiles must change: elther there is a core or a central black

hole. If the smaller galaxy does not contain a black hole it will lose
its identity when the density of the large galaxy becomes equal to the
core density of the smaller one. More interesting is the case in which
both galaxies contain a massive central black hole. At some separation
distance where Mg(r) is comparable to M, the mass of the black hole at
the centre of the more massive galaxy, the black holes form a binary.

Dynamical friction tends to circularize the orbit of a pair of merging :
galaxies and the eccentricity of the black hole binary orbit is there—

fore probably very small. As the orbit shrinks dynamical friction be-

ccmes less effective since stars can only interact with the binary when

the encounter lasts longer than one orbital period (Heggie, 1975). When

e A

the binary separation becomes less than the cusp radius, defined by

il

r, = G M/g? (4)

ot
O N
PR ST T

the orbital velocity rises above o (the binary becomes hard). In this

A i,
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regime the binary loses energy by the slingshot mechanism: stars that
come within the orbit of the binary are ejected with velocities compa-
rable to the orbital velocity of the binary. The evolution via three-~
body interactions is halted at a radius Tic when the number of stars on
orbits passing through T becomes too small to carry away the binding
energy of the binary. Before we can discuss the final evolutionary
stages of the binary we have to know how efficient the slingshot mecha-
nism is in removing energy from a massive binary, and since the three-
body problem is a classic unresolved problem we must resort to numerical

experiments to obtain the necessary information.
2.2 Numerical calculations of slingshot efficiency.

Large regions in the phase space of the three-body problem have
bean explored numerically by Saslaw et al. (1974), Valtonen (1975) and
by Hills (1975a). More recently RHills and Fullerton (1930) have per-
formed a numerical study of the energy transfer as a function of m_,
the mass of the incoming particle. Their experiments, however, are re-
stricted to the case of an equal mass binary on a circular orbit.

Let us define the slingshot efficiency g1 by
2
<AE> = "s1 : ™ vorb )

where AE is the fractional energy loss of the binary per interaction
and VOrb is the orbital velocity of the binary, having components of
mass m and M. The binary is assumed to be surrounded by a spherically
symmetric distribution of particles with an isotropic Maxwellian veloc-
ity distribution with dispersion smaller than the orbital velocity of
the binary. The average in (5) is taken over interactions with particles
that come within a specified distance R oax of the binary's centre of
mass. The slingshot efficiency may depend on Rmax’ m, M and e, the ec-
centricity of the binary orbit.

A standard variable-order variable-step Adams integration routine
was used to integrate the set of differential equations describing the
three-body system (Hall and Watt, 1976). The fractional change in orbi-
tal energy due to numerical effects depends on e. It is less than 10°S

per orbital period for e = 0 and rises to 10™" for e = 0.99 (cf. Van
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Albada, 1968). The values of ng, were determined in runs in which 500
particles, having mass m, << m, were allowed to interact one by one

with the binary. The particles start from a shell, centered on the cen-—
tre of mass of the binary, with a radius four times the semi-major axis
of the binary. When a particle passes the shell again on its way outward
its change in energy and angular momentum are measured and the next par-

ticle is sent off.

10 T T ! L T
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Pigure 1. Slingshot efficiency, defined by equation (5) as a
funetion of reduced mass of massive binary. The
dashed line ©s the approximation given by (6).

In Figure 1| the slingshot efficiency is shown as a functiom of u,
the reduced mass of the bimary. For u = } (e = 0) we find ngp = 0.6 in

good agreement with the value ~ 0.5 found by Hills and Fullerton. Note

that the experimental results are reasonably approximated by the relation

=92 H_ (6)

We can understand this result assuming that the test particles interact
either with m, with probability P » or with M with probability PM’ and
that they fly off to infinity with the centre of mass (c.o.m.) velocity

of m or M respectively, times some constant c. We then find

2

<0E> = [Pm( orb’

M. 2 m 2
a * P G e dm v
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Assuming further that Pm is proportional to m? (as in dynamical friction)
and to the c,o.m. velocity of m, we find Ngp = ¢© i/ {(m+M). The numerical
result found here implies that the binary evolution is independent of
the mass-ratio m/M for m << M, Note that this differs from the relation
AE/E = rq*m/M2 adopted by Begelman et al. (1980) to describe the evolu-
tion of a massive hard binary.

We have also measured the exchange of angular momentum between the

binary and the test particles, The angular momentum of the binary is

given by
2, S, 5
L LT (1-e=).
In the simulations with e = Q we find(%—é‘—%‘): 0.5, which implies that

the eccentricity will not change. For e = 0.6, however, we find a value
of 0.7 £ 0.2 and the binary eccentricity may increase. More accurate

numerical simulations are required to confirm this,
2.3 Further evolution of the binary.

We have found that the dynamical evolution of the binary inside

the cusp radius r, is independent of the mass ratio m/M for m << M, in

h
contrast to the region where the dynamical frictior formula applies. The
binary then interacts only with stars passing through its orbital radius

r, . The total mass of these 'loss-cone' stars is given by

b

- o 2 52
Mlc(rb) 47 rf p(r) repédr (7
b
where 82 is the fraction of such stars at a distance r from the binary.

In the case of an isotropiec velocity distribution & is given by

3
(r.r. )*/r r>r
e=|bh h @)

(rb/r)i r o<y

Frank and Rees, (1976)., The domain of integration may consist of three
h with Y, = -7/4 (Bahcall and Wolf, 1976;
Lightman and Shapiro, 1977; Cohn and Kulsrud, 1978), a core for

parts: a cusp region for r < r

IR A with v = 0 and an outer region with -3 < Y, < ~2. Ve find
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rb 1 Te 1
L (rb) = (Yl + 3) Mcusp ;; Y1+2 + ;; - 7;IT 4 . (9

M , the total mass of the stars within Tps is given by
cusp

~ AT 3
Mcusp - Y, H3 ’h Th

GM

where "h is the deunsity at Ty- Using LI and r = ;;%-we can write
- 81 3 2 10)
Mcusp Yi+3 " /Mc (

where Mc is the core mass.

The dynamical evolution time of the binary for T ST STy is
approximately given by

-1
t(ry) = tdyn (rh) [Mlc(rb)nsllu] =tdyn(rh)rb/rh- (in)

From the definition of Ngy We see that the binary orbit stops

shrinking at a binary separation r

b = Tic’ defined by

MIC (rlc) “Sl/“ = l' (]2)

This yields with (9) and (6)

uM 2 M
c [ | + 1

Tie _ L 1
rh 81 M3

-1
. v,*2 3 T% a- Vfifi . a3
N sl
Clearly it is difficult to bring the two holes close together via three-
; body scattering if they are embedded in a large galactic core. How-
4 ever, if this is not the case we may use M = Mc. From (10) we see

, cusp -
- that Mcusp = 4 M and equation (13) then yields, with Y, = =7/4, Y, = =2

5 and n, = 2u/M
b rlc/rh = 0.015. (14)

The minimum separation that the binary may reach via three-body inter-

actions with stars passing through the binary orbit may be smaller than
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~r., 1if only a fraction f of these stars interacts with the smaller

bin;;y component, acquires a velocity kick AV n vorb and becomes unbound
(to the binary), while the binding energy of the other stars is hardly
affected, These stars may pass several times through the binary orbit
until they are also flung out of the stellar system bound to the binary
with velocity ~ vorb' The minimum binary separation will then be smaller
than LI by about a factor f£. The argument below equation (6) suggests

that £ ~ m/M. In that case the minimum separation of the binary will be

m
-— < . <r .
M Flc ~ rb;nln noTle

Gravitational radiation ensures merging of the black holes within

a time At when they reach a semaration

r -~1/4 1/4 2 1/4
£ - 0.0l I.._i_.l (%) | a ‘ |__ac I £(e), (15)
*h 107 My 200 km sec™H 11010 yr

where f(e) is a function of the eccentricity of the orbit, which

is of order unity for e = O (Wagoner, 1975). Comparing (15) with (13) we
conclude that merging of galaxies is likely to produce long~lived binary
black holes if these holes are embedded in large galactic cores. If the
density profile is not flat outside the cusp radius r,, the holes may
reach a separation where pravitational radiation will ensure merging

within a Hubble time.

3. Fuelling the Black Hole.

3.1 Stationary fuelling of the black hole.

We will first discuss briefly the fuelling of a black hole in the
nucleus of a galaxy via tidal disruption and via star-star collisionms,
when the central region is undisturbed by other galaxies. We will use

our galaxy as an example.
The stellar density at distance of ~ | pe from the centre of our

3

galaxy is ~ 108 Hepc' and the velocity dispersionof the stars ~ 120 km

sec™ (Oort, 1977). Infrared observations of the galactic nucleus indicate
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the presence of gas at r ~ 0.4 pc with velocity dispersion ™ 200 km sec™!

(Wollman et al., 1977). This is consistent with the nresence of a black

hole of mass 5.108 LA

Tidal disruption of sclar—type stars occurs at

2
rp/T, = 1075 w2/3 42, (16)

The gas produced at z, is strongly bound to the black hole and a large

T
fraction may be swallowed by the hole. Note that the Schwartzschild

radius of the hole is rs/th = 5,1077 ¢ and that stars may be swallowed
whole when M > 109 My (Hills, 1975). At a large distance r from the hole
the flux of stars moving in orbits that will bring them within Tp is

=1

F(r) = 2,103 p(r) r? o(x) 7 0] (1) Myyr

where 8, is defined by (8) with r, replaced by Lo Using

o r>r
* h
a(xr) = l -
o(r/rh) . T < T
we find
F(r) / (e/r'2 , x>
——=— =0.06 p, o' M3 _— an
M@ yr i (r/rh) 1% r < rh

where oL = p(l‘h). Within a ecritical radius rcrit,stars cannot be scat-
tered in or out of loss-cone orbits by interactions with other =tars in
one dynamical time scale and these orbits become depleted. Equation (17)

is valid only outside r, vhere the velocity distribution i i::.tro-

rit -
pic. The largest contribution to the tidal disruption rats cor<. crom

the region near Torit and the tidal disruption rate ig ahout F(tcrit)ﬁ

(Frank, 1978). Following the discussion by Frank and Rees (1976) and

*Note
Here and throughout the rest of the paper radii, masses, densities and
velocities will usually be expressed in | pc, 107 Me. 107 Ho pe~? and
200 km sec™! respectively.
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using

o = M2 g6 (18)

which is valid for r, =T, e find

Ay,
for r > r (x /r.) >
crit h? crit’"h 12 3/
4;Y1 = 2.3 "L ) .
for Terie © T’ (rcrit/rh)

In our galaxy r
=4 2 =1
5.10 10 yr .

.. /t. = 1.5 and the tidal disruption rate is about
crit’ 'h

The inner edpe of the cusp around black holes is set by star-star
collisions, Within & radius Fooll’ defined by

o1/t = 0-2 9%, (19)
solar-type stars cannot be deflected over large angles without colliding.
The cusp only extends over the region T ooll <. Most collisions
oceur at r_ .., which is much larger than Tope The fate of the gas
liberated in collisions with other stars may therefore be different from
that of stars disrupted by the tidal force of the black hole. The col-

lision rate in the cusp is about (cf. Van Bueren, 1978)

C=5,n"3 pM3 nﬁ o~7 yrol. (20)
In our galaxy this is about 10~3 yr~!, a value comparable with the

tidal disruption rate. A fuelling rate F of a black hole vields a lumi-
nosity

L = 6.10%5 erg sec”!|—E — Iflr ]
iy yr! Ve

where n is the fracktion of the rest mass energy that is radiated during
accretion of the mass by the black hole. This efficiency factor may vary
from 0.057 to 0.42 depending on the angular momentum of the black hole
(Bardeen, 1970). A tidal disruption rate of 5.10~% “@ vr~! vields a

90

s
Py

B BT g Y08 L e e

L SR g

P i it g e



O T i

Srmp e e

luminosity of 3.10%? (n/D.1) erg sec™!. The limits to the present energy

output of the galactic nucleus are much lower, but there is evidence for
recurrent explosions from the nucleus yielding an average energy output
of v 1042 erp sec”! (van Bueren, 1978).

It is interesting to note that a stationary fuelling rate of
5.107% M@ vyr ! is consistent with the growth of a 5,1n® Mg black hole
in one Hubble time. If the growth time of black holes in galactic nuclei
is about one Hubble time we can derive a relation between the central
velocity dispersion of stars and the mass of a black hole in the nucleus
of a galaxy.

Using (18) we find from the tidal disruntion rate

2.1 .
M = 3.5 0 ’ Ferit “h

r . <r
* erit h

and from the collision rate

M =5 05/2,

Collisons may dominate the growth for o > 1/2, just before T, becomes

rit
for
o< 1/2 and M =5 023 for o > 1/2 may be regarded as an upper limit to

smaller than r,. The mass given by the relations M = 3.5 g%!

the mass of a black hole in a galactic nucleus if tidal disruption of

stars and star-star collisions are the dominant fuelling mechanisms.

3.2 Enhanced tidal disruotion rate during mergers.

Stars within a distance Tt of a black hole in a galactic nucleus

may be scattered into loss—cone orbits by the tidal force of an intruding
galaxy, leading to an increase -of the tidal disruption rate. The en-—
hanced disruption rate will then be determined by the effective critical
radius q, at which stars can be scattered into loss-cone orbits within

one (stellar) orbital period. The perturbation of a stellar orbit by

the intruder can be calculated analyticailv if the stellar orbital

period is much shorter than the orbital period of the merging galaxies.
(cf. Heggie, 1975.) A mean value of q (<< r, the distance between the

centres of the merging galaxies) could then be obtained by integrating
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over all stellar orbits, However, if the orbital periods are comparable
we have to deal with the full complexity of the three-body problem for
which there are no general solutions. We will give here a very simple,
but crude estimate for g, ignoring its dependence on the oriemtation of
the stellar orbits with respect to the direction of the perturber and
neglecting the motion of the perturber. Our basic assumption is that
the scattering of stars by the perturbing mass can be treated as a ran~
dom process analogous to two-body relaxation.

In order to scatter stars into loss—cone orbits we need a mean

velocity change in one dynamical time of
AV = ho/q

where hT' the angular momentum per unit mass of stars passing the black

hole near o is given by

}

I
h crh rT .

T

The dynamical time of the stars at q is given by

q/0 » Q>
agn = | i @)
(q/rh) CI/G, q < th
and the required acceleration is
a2 rhi rTi QT2, q-> .
av/e = . (22)
dyn {2 . .1 /2, q<r
h T ’ h
The tidal acceleration of a star at q due to a mass mg at r is
%% =2 Gm q/rd.
tidal &
Using G Mg(r) = r 02 we find
av o tqi? , Ty
-A_t. . = 2 3 (23)
tidal o“ f rh/r y T T
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where f is mg/Mg(r). The tidal acceleration equals the required accele-
ration for

0.12 £2/3 w2/9 g=1/3 £1/3 qr >

h
q ={ 0.16 /7 Ml/3 o=4/7 §72/7 q<x <T (24)
0.16 ¢8/7 Mi/21 §72/7 q,t < T

where M is again the mass of the hlack hole at the centre of the most
massive galaxy. Calculating F(q(xr)) from (17) and (24) and substituting
Y, = =7/4 we find for the tidal disruption rate as a function of the

distance of the intruding galaxy from the centre of the larger galaxy
6.1072 (0.12)Y AY/3 oL M(12=7Y) /9

x g(5Y=3)/3 g=Y/3 EREEN

—EE__lo.6 £75/7 o w36 78/28 §5/1 | qcp <x (25)

M, yr-l )
o 0.6 ¢15/1% o M52/21 g=7/2 g5/ gy . r, .
This relation is valid only for q > To1l" The precise behaviour of the
density profile at r < T ooll is not known. However, it seems plausible
that the collision time does not increase with decreasing r within T ooll
implying ¥ < -1/2 in that region. The fuelling rate then reaches a

maximum value determined by the conditions at this inner edge of the
cusp

- -7/2 y4/3 -1,
Foax 0.45 0, © M My yr

Note that this value is not very semsitive to M if (18) and the relations
at the end of section 3.1 are valid.
We will now discuss this result for some particular cases. We will

assume that both merging galaxies have a power law deusity distribution
with Y, = -2, implying that f is a constant.

Case 1. A merger of a small galaxy with our galaxy assumed to contain

a central black hole of 5,100 Me. We use the same galactic parameters
as in the previous section (ph = 0.25, 0= 0.6). In Figure 2 the tidal
disruption rate is given for a mass ratio £ = 102, At a separation

distance of the merging galaxies of 360 fi pc the tidal disruption rate

overtakes the stationary rate of ~ 5.107% HO yr~1, calculated in the
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Figure 2. Tidal disruption rate of a central black hole during a
merger of a galary with a smaller companion. The mass-
ratto of the two galaxtes is assumed comstant, The stel~
lar density and veloeity dispersion at the cusp radius
ry, are 2,5%105M pc=3 and 120 km gec™! vespectively for
M'= 5,105 My (case 1) and 1.6%10%y pe=3and 500 km sec™
for M = 10%°M, (case 2). The d&sheg line s the tidal
disruption rale near a seeondary black hole of maas
5.10° M assumed present in the smaller galaxy in case I
(see section 3.3).

previous section. The dynamical friction time, given by

tye = 10% » c‘I‘E‘I yr (26)
is then about 6.106 £} yr. At r = 38 g pc (F = 1072 My yrl, tyf =
6.105 f_‘ll yr) the value of q reaches that of the cusp radius and the dis-
ruption rate subsequently increases less rapidly with decreasing r. The
total number of stars disrupted by the black hole in this first stage
is ~ 104 f—i, only about a factor three higher than in the unperturbed
case. F(r) changes its slope again at r = 2% (F(rh) = 0.11 £5/1% M0 yr-l
tys = 2.10% f£~lyr). In the present case this occurs when q/rh =0.15 £°2/7
before the tidal disruption rate reaches its maximum value at q = ool
= 0.07 Ty During this stage about 10" £79/1% stars are disrupted. The
binary evolution time is given by (11) for r < % The disruption rate

rises above the Eddington rate

Fepp = 0+2 M (0.1/n) My yr-l
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and reaches the value 0.4 M, yr~l yhenq = Foll 2t Y S 0.4 £1/3, The
binary evolution time is then 3.10% £-1/3 yr. The stellar debris pro-
duced in this stage can keep the black hole radiating at the Eddington
luminosity for 105 (n/0,1) f‘1/3yr. If the fuelling rate stays at a
level of 0.4 M, yr~! until r = Tooll this is about 10® yr. For this

period the merger may enhance the fuelling rate by more than two orders

of magnitude.

Case 8. Merging of two galaxies, one of which containing a massive

black hole of mass 108 MQ. We have chosen a velocity dispersion at

r, of 300 km sec™! and P, = 1.6 106 My pe”3 (see equation 18) yielding
a black hole growth time via accretion of gas produced in star-star
collisions of n 1010 yr. Now g becomes equal to o 3t T = 34 gt pc
which is larger than = 4.4 pc for £ > 0.02. The total number of stars
disrupted during the whole period of enhanced activity, which lasts

~ 107 £ yr, is 106 fﬂi, about 10 times more than in the unperturbed

case. Most of these stars are disrupted in the second evolutionary stage
(.17 € @ € ¥p)s where a maximum luminosity of ~ 3.10%5 erg sec”! is
obtained during v 108 £ yr.

We conclude that undex conditions similar to those in the nucleus
of our galaxy,merging of galaxies may yield luminosities of & 3,10%3 x
(n/0.1) erg sec™!. Small galaxies (f = 1072) are probably most effective
in causing activity in galaxies (see section 4). The total energy pro-

duction during a merger with such a small companion is of the order
M
1099 | ——

7
10 Mg

(n/0.1) erg in ~ 107 yr.

3.3 The secondary component.

If the smaller infalling galaxy also contains a massive black hole
the tidal disruption rate of stars near this secondary black hole may
be enhanced as well. The tidal disruption rate is then also given by
equation (25) with £ = 1,if the parameters of the larger galaxy are re-
placed by those of the smaller one. The dotted line in Figure 2 gives
the tidal disruption rate of the secondary black hole in case 1 of the
preceding section. The velocity dispersion in the smaller galaxy is

40 km sec”!, the black hole mass 5.105 M@. The stellar demsity at its cusp
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radius is 3.5 10° Mg pc™3. Note that the mass-ratio of the twé galax-
ies is not a constant anymore, At a separation distance r ~ r, the mass-
ratio changes from 1072 to 10”1, the mass~ratio of the black holes, This
will probably not effect the dynamical evolution since inside the cusp
radius the binary evolution is independent of the mass ratio. The only
difference may be that the primary black hole reaches Fmax at a slightly
larger separation. The important conclusion we can draw from the dashed
line in Figure 2 is that the fuelling mechanism discussed in this paper
probably implies the existence of double sources of energy with small

separations.
3.4 Precession of beams.

The observed large scale symmetry in many extended radio sources
may be explained as due to precession of radio beams or jets through
which energy is being transported from the nucleus to the outer lobes

of the source (e.g. Ekers et al., 1978). Such beams will be aligned

with the rotation axis of a hole, presumed to be in the galactic nucleus,

even when the angular momentum of the matter feeding the hole has a
different orientation (Rees, 1978). If a binary black hole is formed
during a merger the spin axes of the holes will generally precess around
their orbital angular momentum vector, the precession period being given

by
~ 10 ,5/2 -3/2

tprec 3.10'Y (M/m) M yr (27)
(3egelman et al., 1980). From the discussion of the binary evolution we
conclude that the probability to observe a binary with some separation
r has a minimum at r = r,» increases with t = rh/r for r < T (equa-
tion 11), and goes rapidly to zero at r < 1073 pc when energy loss due
to gravitational radiation becomes important. For r > r, the precession
period is larger than a Hubble time. The most probable binary separati-
ons for r < r, are 1073 < r/rh < 1072 yielding precession periods of
~ 103 to ~ 107 yr. The time spent at these separation distances is
probably larger tham the evolution time given by equation 11 due to
depletion of stars on orbits through the binary orbit. The maximum pro-~
bability at r < rh may be estimated ‘from tev = tgf where te =

v
10% M2 ¢75 r"! yr and tgr’ the time scale for loss of orbital energy due
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to gravitational radiation is given by
A

tye = 2:4 % 1018 (M/m) M3 % yr, (28)
This occurs at r = 1.3x10™3 (m/M)!/5 ¥ g~} pc, yielding a most probable
precession period of 2.10% (M/m)} M 0=5/2 yr. Begelman et al. (1980) de-
rive a precession period of ~ 500 yr from the observed curvature of the
jet im 3C 273 on a scale of 0.01", This implies a rather short gravita-
tional radiation time scale of a few million years, The probability that
the presence of a secondary black hole in this nearby Q80 is accidental
seems very small. If theexplanation of the jet curvature in 3 273 pro-
posed by Begelman et al. is right, then the short lifetime of the
binary suggests that its occurrence is causally related to the QSO phe-

aomenon.

4. Total Luminosity Functiom of Active Galaxies.

The maximum total luminosity of active galactic nuclei at the

46 arg sec™!, Radio observations of active

present epoch is about {0
galaxies indicate that the total energy production in active nuclei can
be ~ 1060 erg in 106 t© 8 yr. These values are compatible with the
activity produced during a merger of a galaxy with a smaller companion
{section 3.2) and it seems therefore worthwhile to investigate what
fraction of galaxies is expected to be active in the merger model, and

to make a comparison with observations.
4.1 The model.

The merging rate of galaxies can be estimated from observations as
well as from numerical experiments. Most galaxies have a smaller compa-
nion (mg/Mg %~ 0.1) within a few galactic radii (Holmberg, 1969). As-
suming that galaxies have dark halos extending to ~ 100 kpe, the dyna-
mical friction time for these companions is about 1010 yr (see also
Trenaine, 1976) yielding a growth rate for the larger galaxies of

about Mg (101! yr)~!, The number of neighbours (of comparable size)

within a distance r of a galaxy can also be calculated from the two-point
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correlation function (Peebles, 1980, Gott and Turner, 1979). From this
function we find that the mean number of mneighbours within a distance r
(10 kpe < r < 10 Mpc) is about 4w i 70 (r/1 Mpc)l+? (we adopt H, =

50 km sec”! Mpe~}) where N, the mean number density of galaxies brighter
than L¥, the break in the luminosity function, is about 2.10~3% Mpc~3.
The relative velocities of close neighbours is a few hundred km sec™l,
Most of these binaries will therefore experience strong dynamical friction
and will merge within a few galactic rotation periods if galaxies have
extended halos. This also yields & growth rate for bright galaxies of
about Mg (101! yr)~!, A similar merging rate was deduced by Toomre

(1977) from the fraction of galaxies that are observed to be tidally
distorted due to interaction.with a nearby neighbour. The merging rate

at the present epoch derived from observations is in good agreement with
the value found in cosmological simulations (Roos, 1981, Paper I).

We will now estimate the fraction of galaxies ¢(L) having bolome-
tric luminosities L (equal to 6.10° (n/0.1) erg sec™! times the fuel-
ling rate) in the interval {L, 2.5¢L]. We will do this for galaxies of
mass Mg containing a central black hole of mass M. We 'assume that the
galaxies have power law density profiles with y = -2 and stellar veloci-
ty dispersion o. Assuming that the infall rate is proportional to mass
(papef I and I1) and that the mass function of infalling galaxies is
about proportional to mg'l for small mg (Schechter, 1976) we find for
the mean time between subsequent mergers of a galaxy of mass Hg with
smaller galaxies of mass mg At = 1011 mg/Mg yr. The fraction ¢'(r) of

galaxies having a companion at a distance in the interval [r, r+dr| is

1
8 (1) = 3 (29)
rs1t
for r smaller than some distance L defined by -5 “Te'(r)dr =1,

where "saturation" of ¢'(r) occurs (see next section). As discussed in

section 2 the smaller galaxy will spiral inward with coustant velocity
>

(r>r)

dr _ jo-v -1
at 107 £ o pc yr *,

if the two galaxies have.similar density profiles. Knowing ¢'(r) we can

calculate the fraction of galaxies having a fuelling rate F in the
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interval [F, 2.5 x F] from

FE) = 8 () s T

This yields with (25) and (18)
1077 F3/u m2/3 g1/ g-3/2 F < F*

(30)

$(F) = 0.2 x 107 F-7/5 u5/42 ¢3.5 g=3/2, Fo»F

The break in this function occurs at F* = 0.06 P M4/ 3 g-1 M, yr~! when
q =T As dynamical friction is taken over by three-body scattering at
r< T the dynamical evolution speeds up (if f < l) and ¢(F) probably
decreases strongly upon extrapolation of (30) to larger F. Note that the
part of ¢(F) withanindex -7/5 does not extend to large F. The maximum
F for this part nf ¢(F) is determined by the condition x = T (as in
case | of the previous section) yielding F = 0.59 o Ml45 g~1.36 g5/14

My yr'l, or q = T o11° yielding
- ul3a -7/2 -1
F = 0.45 Pu M o MQ yr .

The largest contribution to ¢(F) comes from mergers with small com
panions. Firstly, because the dynamical friction time at some fuelling
level is longer, and secondly because these galaxies are more abundant.
However, the galaxies that are being swallowed may not be smaller than
% 1072 M_ since the dynamical friction time then exceeds the Hubble
time. Converting fuelling rates F to luminosities L and taking £ = 1072,
the fraction of galaxies having luminosity within [L, 2.5 x L} due to .

infall of small galaxies is given by

2,103 L‘il" (n/0.1)3/4 w2/3 g1 /u L<1*
|,. .

$(L) = : 31)
6.10-3 L‘Z/5 (n/0-1)7/5 M5/42 43.5 , Lo> Nl
l' M

where Luu = L/10%* erg sec™! and L* =5 M2/3 45 (n/0.1). As in (30).
the region with ¢(L) = L~7/5 extends over a small range inL toL =
30(n/0.1) M0-55 gt.64 £5/18 g0 o o r, @>r )rortol = w
30(n/0.1) M2/3 ¢2:5 §or q = T.op1 (F > T,). Note that the c;:ice of £
introduces a considerable uncertainty in the absolute value of ¢(L).
The luminosity function of active galaxies could in principle be

obtained from (31) by performing an integration over the product of $(L)
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and the mass function of central black holes in galactic nuclei, This :
requires information nbhout the relation hetween galactic luminosity (or ‘
central velocity dispersion) and central black hole mass. For the moment

we are merely interested to see whether equation (31) is consistent

with luminosity functions of active galactic nuclei derived from obser-
vations, We will use as a first approximation for the theoretical func-

tion of active nuclei having total luminosity L in the interval [L,2,5«L|
p(L) =" o(1, MY, oM (32)

where n* is the number density of bright galaxies above the break of

the galaxy luminosity function, and u" and a*are the mass of the central

black hole and the velocity dispersion in these galaxies. In Figure 3

p(L) is drawn for n* = 2,10% Gpc=3 (Felten, 1977). M* = 107 Mg and ;
a* = 150 km sec™!. Note that a proper calculation of p(L) will yield a ;

luminosity function extending over a larger range in luminosity. "
4.2 The observations. !

Our next task is to cogpare this result with available observatio-
nal data on the space density of active galaxies at the present epoch.
Luminosity functions for active galaxies have been determined for radio,
optical and X-ray wavebands. However, the determination of the bolo-
metric (total) luminosity function requires information on the spectral
distribution of the radiation emitted by active galactic nuclei (and/
or QSO's). For some individual sources like 3C 273 the spectrum is
reasonably well known from 109 - 1029 Hz (Ulrich, 1981), but this is
still an exception. Nevertheless, the presently available observational

data indicate that the luminosities at different wave- P

ey bands are correlated,and that the global spectral distribution of the i
radiation emitted in the range 10!3 - 1018 Hz can be characterized by i

a power law with a spectral index which is similar for different objects.

The energy emitted at optieal wavelengths seems a good indicator of the

i

. : g

i total energy emitted by Seyferts and QSO's. The mean radio-to-optical ?
Q. spectral index apo of radio-loud @S0's is about 0.6, implying Lopt/ 3
g? Loadio = 102+% and the optical-to~X-ray index agy is about 1.25 (Ku et ﬁ
. - oo 2 s/ |
& al. 1980; Zomorani et al., 1980) implying Lopt/Lx 10%/%, where L__.. » §
i
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Figure 3, Luminosity funetions of active galaxies. Luminocsities
are converted to total lumimosities as deseribed in
the text (section 4.2),

0 X-ray luminosily function of Seyfert galaxies.

® Local, optical luminosity function of RS0's,

* Space density of Seyfert nucleti (opticall,

x Radio luminogity fumction of E+S0 galaxies (1.4 GHz).
+ Radio luminosity function of E+50 cores (5 GHz).

The dashed line gives the estimated luminosity
funetion of active galaxies derived from (31) using

the parameters given in the text (section 4.1).

Lopt and Lx are the luminosities integrated over one decade in frequency

at 102, 10!3 and 10!8 yz respectively. The scatter in the values of o

is large and in some cases most energy is emitted in the infrared (Rieke
and Lebofsky, 1979), or in the gamma-ray domain as in 3C 273 (Swanenburg
et al., 1978), but in these cases too the optical luminosity may give

a good order of magnitude estimate of the bolometric luminosity. Radio
galaxies seem to behave differently. While the energy emitted at radio
wavelengths is comparable to that of radio-loud QS0O's, the optical lumi-
nosity of the nuclei of radio galaxies is in most cases much less than
that of QS0's. Still there is some evidence that the energy production
rate in these objects may also be larger by about two orders of magni-
tude than their radio luminosity which is about 1043 to 10U4% erg sec”!
for the most luminous sources. The energy contained in the particle
fluxes filling the extended radio lobes may well exceed 106! erg in some
cases. This would imply a total mean energy production rate of ~ 1Q43.5
erg sec”! if the lifetime of these sources is about 108 yr. Therefore

we have assumed that also for radio galaxies L/Lra = 1024,

Using

dio
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the crude conversion factors given above we now estimate ‘bolometric'
luminosity functions from observationally determined radio, optical and
X~ray luminosity functions of active galaxies at the present epoch. The
following luminosity functions (scaled to Ho = 50 km sec”! Mpc™!) were
used to obtain the results given in Figure 3.

(i) X~ray luminosity function of Seyfert galaxies from Weedman (1979),
‘Log(L/erg sec™!)= log(Lx/erg sec )+ 3/4
(ii) Optical luminosity function of QSO's at the present epoch from
Braccesi et al. (1980). The total luminosity was calculated from log(L/
erg sec”!)= 1og(L°pt/etg sec”1)= 0.4x(90 - MB)' Note that the determina-
tion of this luminosity function depends on the cosmological evolution
of the QSO luminosity functiom,

(iii) Space density of Seyfert nuclei (optical) from Huchra and Sargent
(1973). Log(L/erg sec™!)= 0.4 x(90 - MB) . As noted by Braccesi et al,
this point agrees well with the low luminosity extrapolation of the
optical (local) luminosity function of QS0's.

(iv) Radio luminosity function of E + 80 galaxies from Auriemma et al.
(1977). Here we have used log (L/erg sec”!) = 41 + log (Pl.q/loz“'5
WHz"1) + 2.4, where Py is the radio power at 1.4 GHz., A large fraction
of the radio luminosity of these sources comes from the extended radio
structures at large distances from the centre of the parent galaxy,

The luminosity from these radio lobes may not be representative for the
luminosity of the nucleus., Therefore we also give the radio luminosity
function of the cores of E+SO galaxies (determined at 5 GHz) from Fanti

and Perola (1977).

The agreement between the observational functions given in Figure

3 is surprisingly good in particular for L > 10*% erg sec”!. Not only
the slopes but also the absolute values of these functions are very
similar. This strongly suggests that the different types of active ga-
laxies such as Seyferts (QS0's) and radio galaxies belong to a single

class of objects having a basic spectrum which can indeed be character-

ized by the values for a used above. The scatter in the relative porti-
ons of energy emitted at different wavelengths may then be the result

of different physical conditions in galactic nuclei. The fraction of

active E + S0 galaxies, for instance, is comparable to the fraction of
active Spirals (Seyferts). For some reason the relative amount of energy

produced by active E + SO galaxies in the optical regime is lower than
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that of Seyferts while active Spirals (Seyferts) are underluminous at
radio wavelengths, but it seems likely that the activity in both types

is caused by the same mechanism.
4.3 Comparison of the model with observations,

The crude model estimate from equation (32) (see Figure 3) was
done for a single set of parameters assumed to be typical for the nu-
cleus of a bright galaxy. Nevertheless, the agreement with observed
luminosity functions in the range 10*2+® < L < 10***5 is already quite
good indicating that the model may be consistent with observations.

Equation (31) may be compared more directly with the observed bi-
variate radio luminosity function of E + SO galaxiss, determined by

Auriemma et al. {1977), which gives the fraction of E + SO galaxies

within a certain (| magnitude) bin of optical (stellar) luminosity

having a certain radio power (at 1.4 GHz). This function has the follow-
ing properties.

1. It can be described by a single power law for P > P¥* = 1025 wHz!
= 0% erg sec”! (= 50 km sec” ! Mpc~!). The power law index is
about -1,4, independent of the optical luminosity Lg of the galaxy.

2. P* is not very sensitive to Lg'

3. The fraction of galaxies having a certain radio power scales as
L1-5%0.2 for p > P¥,

4. Below P® the index of the powar law fit to the radio luminosity
function varies from v -0.7 for the faintest galaxies to ~ -0.1 for
the most luminous galaxies in the sample. Auriemma et al. remark
that the flattening may be due to some form of saturation since, for
the most luminous galaxies, the fraction having radio power larger
than P is already close to 1 at P = 102% wHz"l,

These properties resemble some of the properties of ¢(L) givem by (31).

1. ¢(L) has a power law index -1.4 for L > L*, where LY = 5,1044 erg
sec™l, which would imply a radio luminosity of 1042 erg sec™! using
the conversion factor discussed in the previous section. A difficulty
with the model may be that ¢(L) extends over only a small range in
luminosity beyond L*.

2. Assuming Lg « g% (Faber and Jackson, 1976) we find that Al Lg'g

to 0.6 for M « g2 tO b,
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3. For L > L¥,4(L) scales approximately as o" which goes as Lg'

4. Below I* the power law index of ¢(L) is -0.75. In the merger model
saturation may occur also for the most massive galaxies when the
mean time between subsequent mergers is smaller for these galaxies
than for the smaller ones. Observations indicate that for the bright-
est members of rich clusters it may be as short as ~ 3.10°% yr for
£~ 1/3 (Hoessel, 1980). For £ = 1072 it may then be as short as ~

108 yr, implying a time-averaged activity of ~ 104" erg sec”l,

4.4 Cosmological evolution.

So far we have only considered the luminosity function of active
galaxies at the present epoch. This function, however, has evolved
quite strongly between z = @ and z = 2.5 (Schmidt, 1968). The observa~
tions seem to yield two global characteristics of the evolution: 1. the
strong, steep spectrum radio source population has evolved most rapid-
ly, while the evolution of fainter sources may have been very weak (e.g.
Longair, 1978, Wall et al., 1980). 2. This strong evolution may have
occurred during a relatively recent epoch (0.25 <z <1, Katgert et al.
1979) and may be related to the epoch of cluster formation. These points
suggest that the strong evolution may be correlated with the evolution
of giant ellipticals in regions where the number density of galaxies
is high.

The over-all merging rate in cosmological simulations declines
slowly as t ! and the merging rate between z = 2,5 and z = 0 differs by
a factor ~ 6.5. Note, however, that this may be a lower limit to the
real over-all evolution as pointed out in paper I, because the calcula-
tions are relevant only for galaxies in the field and in poor clusters.
In rich clusters the merging rate declines on a dynamical time scale of
a few times 10% yr by a factor of about one hundred due to (i) the
increase in velocity dispersion of the galaxies during collapse of the
cluster,and (ii) rapid tidal stripping of galaxy halos during and after

collapse of the cluster (paper I1). The steepest evolution may there-

Ky Bt AT

b fore be associated with the massive ellipticals that are formed in the
g . .

4 central regions of rich clusters. These results imply that at earlier

& cosmological epochs cluster galaxies form a much more domirant fraction

YR
RS

of active galaxies.
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5. Discussion and Summary.

We have attempted to link the merging phenomenon and the occurrence
of activity in galactic nuclei. It has often been suggested that infall
of gas from vutside the stellar cusp surrounding a black hole may be
responsible for enhanced activity. This may be gas which is released
during stellar evolution or gas which is accreted in a merger (Gunnm,
1979) or cooling intra-cluster gas sinking into the potential well of
the most massive galaxy (Matthews and Bregman, 1978). A serious diffi-
culty with these models is that the fraction of the gas which is finally
accreted by the hole is unknown. Large portions of the gas may form
stars or be heated in shocks and expelled from the nuclear region, or
even from the galaxy (Matthews and Baker, 1971). As an alternative
mechanism to fuel the central engine in active ruclei we suggest here
tidal disruption near the black hole of stars scattered into loss-cone
orbits by the perturbing gravitational field of an intruding galaxy.

Fuelling by tidal disruption of stars is attractive because (i) the

stars are disrupted very close to the Schwarzschild radius of the black

hole and a large fraction of their mass probably accreted by the hole, '
(ii) the tidal disruption rate can be estimated and predictions can be |
made both for the stationary case and for the case of galaxy mergers. é'
In this paper we have given a very crude estimate of the enhanced tidal

disruption rate during mergers, treating the perturbation of stellar

orbits by the intruding galaxy as a random process similar to two-bedy
relaxation, Detailed theoretical and numerical investigations are re-
quired to check this approach or to improve upon it. The results should
therefore be regarded as tentative.

A vital condition for the model to yield sufficiently high tidal
disruption rates during mergers is that the cusp mass should be compar-
able to the black hole mass. This situation can only occur if the black

hole is not embedded in a galactic core with core radius larger than the

cusp radius. If our galaxy contains a black hole of ~ 5,108 He this

condition if fulfilled. In other galaxies the situation may be similar

o ET

since in the cases where a resolved core may have been found it is 1in

BT,

most cases not significantly larger than the seeing disk (Schweizer,

CRLoRe

1979). Our assumption that central black holes in galactic nuclei are

not embedded in cores has some important consequences:
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(i) the tidal disruption rate in unperturbed galaxies containing a
black hole of ~ 107 M, is of the order « 1073 M, yr~! yielding a time-
averaged luminosity of n 1042 erg sec™!. If the Milky Way is represen~
tative for normal galaxies in this respect then this implies a space
density of ~ 10% Gpc™3 mag™! for galaxies having a luminosity of ~

102 erg sec”!, Note that this is in good agreement with the low lumi-
nosity extension of the Seyfert luminosity function given in Figure 3,

: (ii) The tidal disruption rate may be considerably enhanced during
mergers yielding maximum luminosities, determined by the inner edge of
the cusp at 011’ of n 1046 erg sec”! and a total energy production
during mergers with small (mg/Mg = 10~2) galaxies of about [0%? EU!O7M6]
erg in a 107 yr. This is high enough to explain the maximum
luminosities of active galaxies at the present epoch. Some QSO's at
larger redshifts appear to have luminosities of 10"% erg sec”!, It is
possible, however, that the luminosity of these objects is overestimated
if the emitted radiation is beamed or if the emission of radiation
occurs in shert bursts. Also, these high lurinosities would imply black
hole masses of 1010 MQ, if they are radiating at the Eddington limit,
yielding a cusp radius of v ] kpc, which exceeds abservational limits

in galaxies at low redshifts,
(i1ii) The binary black hole, which will be formed if both merging ga-
laxies contain a central black hole, will lose orbital energy due to

three-body interactions with stars and the binary orbit may shrink to

a size where loss of orbital energy via emission of gravitational waves
takes over and assures merging of the holes within a Hubble time.

As pointed out by Begelman et al. (1980), a binary black hole
system in active galaxies may manifest itself via its orbital period or
via precession of the spin axes of the holes. Short orbital periods of
v 10 yr and precession periods of ~ 10% yr may be most likely. The
time scale for loss of orbital energy due to emission of gravitational
radiation is expected to be about 108 t°7 yr, If such a system is
present in 3C 273 as proposed by Begelman et al. its short evolution ;ﬁ
time suggests a causal relation between the occurrence of the binary
black hole and the activity in galactic nuclei.

Another phenomenon which may be observable is the activity of the

) iy
nucleus with a separation of order 1| to 10%pc. Shklovskii (1978) has 4

: secondary component. A merger of two similar galaxies may yield a double
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proposed just such a model for the nucleus of NGC 1275. He argues that
the asymmetry of the narrow emission lines and the results of tadio
inﬁerferometric observations (at 1.35 cm) with intercontinental base-
lines are both consistent with the existence of a central binary system
in this galaxy, having a separation of | pc and total mass > 1,5 x
108 MS‘ However, recent spectroscopic observations of Seyfert galaxies
reveal that most asymmetric narrow lines extend further towards short
wavelengths, which is most likely due to outflow of the radiating gas
from the nucleus (Heckman et al., 1981). Double active nuclei may be
found by observations with high spatial resslution, using for instance
very long baseline interferometers, or, in the near fqture, the Space
Telescope. Information on the (gas) dynamics of such systems may be ob-
tained from the broad emission lines observed in many active nuclei.

In most cases activity must have been triggered by mergers of
galaxies with mass ratio f = 1072, Such small companions are not likely
to cause significant distortions of the optical appearance of galaxies,
The (less frequent) interactions among galaxies having mass-ratio 0.1
to 1, however, car yield significant distortions in spiral galaxies
such as rings and tails (Toomre and Toomre; 1972; Lynds and Toomfé. %
1976) . The merging process then takes a few dynamical times and some
of the distortions may still be photométrically appﬁrent in active
galaxies. Such distortions are most pronounced in spiral galaxies due
to their large systematic rotation velocities and due to the presence
of gas which will respond to the density perturbations and may trigger
bursts of star formation. Many Seyfert galaxies are indeed disturbed
(Adams, 1977; Simkin et al. 1980). It séems possible that many of the
distortions in these galaxies can be explained if they have recently
accreted a smaller companion., Note that the nucleus of this companion
has to be at a distance smaller than ~ 100 pc from the centre of the
galaxy in order to enhance the tidal disruption rate significantly.

The estimated merging rate of galaxies of mass Mg with companions
of mass 1072 Mg is about 1 per 109 yr. It is interesting to note that
this merging rate may be sufficient to dominate the growth of black
holes in galactic nuclei. The central black hole may grow by ~ 10%
during a merger, yielding a growth rate of ~ 10™3 [M/lO7 Me] My yr'l,
which is comparable to the growth via tidal disruption of stars or star-

star collisions in the absence of mergers. Using the above merging rate
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we have estimated the fraction ¢(L) of galaxies having total energy out-
flow from their nucleus L due to merging with smaller companions. We
must be careful when comparing this luminosity function with observed
luminosity functions. Firstly, because we have made a number of assump-
tions to arrive at equation 31. Secondly, because the relation between
the energy emitted in some waveband with the total energy released near
the black hole is not clear., In view of this second point we have com—~
pared several observed luminosity functions of active galaxies at the
present epoch. The results supgest that there is indeed a single popula-
tion of active galaxy nuclei having a basic continuum spectrum. The
variations in spectral index for different types of active palaxies may
then be due to different physical conditions in their nuclei. Ve find
that our predicted luminosity function agrees well with observed lumino-
sity functions of active galaxies at the present epoch, It is alsd ca~
pable of explaining some features of the bivariate radio lumincsity
function of E + S50 galaxies.

The merger model naturally leads to a (slow) cosmological evolution
in the over-all number density of active galaxies. The stroﬁg evolution
of powerful steep spectrum sources may be correlated with the strong
decrease of the merging rate during the collapse of rich clusters. The
spectra of active nuclei may also evolve during the epoch of cluster
formation, as the gas content of nsalaxies becomes depleted, due to mer-
gers and sweeping. The differences between the spectra of active E and
SO gzalaxies and of active spiral galaxies (Seyferts) could be the result
of such a process.

In a previous study (paper I) it was shown that in a hierarchical
clustering scenario merging among galaxies during the epoch of cluster
formation may well be responsible for an evolution of galaxies along
the sequence (Sc-Sb-Sa)-SO-E. In this paper we have considered some of
the possible implications of the merging process for models of active
galactic nuclei. Assuming conditions in galactic nuclei similar to
those in the nucleus of the Milky Way, we have argued that merging
with smaller galaxies will enhance the tidal disruption rate of stars
near a central black hole and may yield a luminosity which is typical
for a Seyfert galaxy. The fraction of galaxies that is estimated to be
active at a certain level is consistent with observed luminosity func-

tions of active galaxies. These encouraging results indicate that
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enhanced tidal disruption of stars during galaxy mergers may be very

important in causing activity in galactic nuclei.
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Heldere sterrenstelsels kunnenglobaal onderverdeeld worden in drie
klassen: spiraalsztelsels (S), SO stelsels (SO) en elliptische stelsels
(E). S stelsels (zoals onze Melkweg) bestaan uit een sterk afgeplatte
roterende schijf welke aanzienlijke hoeveelheden gas en stof bevat.

In het centrale deel bevindt zich meestal een sferisch of ellipsvormig
iichaam (de "bulge"). Spiraalachtige structuren zijn meestal te onder-
scheiden in de verdeling van het gas en stof in de schijf en in de ver-
deling van de jonge, heldere sterren, die daaruit gevormd wordem, SO

en E stelsels bevatten weinig of geen gas. De sferische component van
SO stelsels is meestal groter dan die van S stelsels. E stelsels 1lijken
in veel opzichten op de sferische componenten van S en S0 stelsels. Ze
2ijn echter niet omringd door een afgeplatte schijf.

Een aantal (heldere) sterrenstelsels onttrekt zich aan het boven-

" gtelsels komen vaak

staande classificatieschema. Deze "vreemdsoortige
in groepen van twee of meer voor en vertonen sterke vervormingen. De
gebroeders Toomre lieten in 1972 overtuigend zien dat dergelijke ver-
vormingen in veel gevallen het resultaat moesten zijn van getijdekrach-
ten die twee botsende stelsels op elkaar uitoefenen. Bij lage relatieve
snelheden zijn botsingen sterk inelastisch. De stelsels zullen elkaar
dan binnen korte tijd na de eerste ontmoeting invangen en een nieuw
stelsel vormen (dit proces wordt ook wel aangeduid met de term kanni-
balisme). Toomre en Toomre opperden de mogelijkheid dat E stelsels ont-
staan zijn uit "versmeltingen" (mergers) van S stelsels.

De belangstelling voor botsingen tussen sterrenstelsels steeg in
de loop van de 70-er jaren toen er steeds meer aanwijzingen kwamen dat
sterrenstelsels aanzienlijk groter en 2zwaarder zijn dan het op foto-
grafische platen zichtbare gedeelte.

Botsingen tussen sterrenstelsels komen het meest voor in clusters.
De meeste sterrenstelsels maken deel uit van groepen of clusters welke

slechts enkele tot een paar duizend leden bevatten. § stelsels
zijn in de meerderheid in groepen en in de buitengebieden van

clusters. In de centrale delen van rijke clusters komen overwegend
50 en E stelsels voor. Spitzer en Baade hebben in 1951 al laten zien
dat botsingen tussen sterrenstelsels in rijke clusters geen belangrijk

effect op de sterverdeling in de stelsels hebben, omdat de relatieve
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snelheden van de stelsels te hoog zijn. De relatieve snelheden moeten
echter veel lager geweest zijn tijdens de vorming van clusters. Onder
die omstandigheden hebben botsingen een veel sterker effect. Het onder-
zoek van dit proefschrift is erop gericht de wisselwerking tussen ster-
renstelsels tijdens de vorming van clusters van sterrenstelsels, en de
consequenties daarvan voor o.a. de evolutie van sterrenstelsels nader
te bestuderen,

In hoofdstuk II van dit proefschrift worden eerst de resultaten
besproken van een systematische numerieke studie van het effect van bot-
singen tussen N-deeltjes systemen. Deze resultaten werden ingebouwd in
numerieke simulaties van de vorming van kleine groepen en clusters van
sterrenstelsels. De meeste botsingen die leiden tot de vorming van een
nieuw, zwaarder deeltje komen voor tijdens de vorming van de clusters.
Na de vorming van de clusters is de fractie gefuseerde stelsels in
deze modelberekeningen in goede overeenstemming met de fractie E stel-
sels waargenomen in clusters. Bovendien blijken deze deeltjes, evenals
E stelsels bij voorkeur in de centrale delen van clusters voor te komen.

In hoofdstuk III worden de resultaten besproken van numerieke si-
mulaties van een expanderend heelal, waarin botsingeffecten in rekening
gebracht zijn. Dergelijke berekeningen werden ongeveer gelijktijdig ge-
daan door Jones en Efstathiou en door Aarseth en Fall in Cambridge. Zi}
lieten o.a. zien dat het impulsmoment van de gefuseerde deeltjes ver=-
gelijkbaar is met dat van ellipﬁische stelsels. In hoofdstuk III wordt
vooral aandacht besteed aan de clustering eigenschappen van de deeltjes.
De waarschijnlijkheid dat een deeltje met massam; fuseert met een deel-
tje met massa my, blijkt ongeveer evenredig te zijn met m, + my.

De clustering eigenschappen van elliptische stelsels kunnen zodoende
verklaard worden wanneer hun massa enige malen zwaarder is dam die van
spiraalstelsels. SO stelsels moeten op grond van hun clustering eigen-
schappen als een overgangsklasse tussen S en E stelsels gekenmarkt
worden.,

In het tweede deel van hoofdstuk III wordt vervolgens een model
onderzocht waarin sterrenstelsels bij z ~ 10 als schijfstelsels gevormd
worden met een helderheidsfunctie welke ongeveer gelijk is aan de hui-
dige. Tijdens het daaropvolgende tijdperk van clustervorming groeit de
sferische component van de stelsels door invang van kleinere stelsels.

Sommige stelsels zullen daardoor evolueren tot SO stelsels of zelfs
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E stelsels. Een belangrijke voorspelling van het model, nl. dat de
fractie E stelsels toeneemt met de massa van sterrenstelsels blijkt in
goede overeenstemming te zijn met recente waarnemingen.

In hoofdstuk IV wordt de evolutie van een rijke cluster van ster-
renstelsels onderzocht. M..ssasegregatie, de relatie tussen de dichtheid !
van een bepaald gebied en de fractie sterremstelsels van een bepaald
type, en massaverlies van sterrenstelsels in botsingen met andere stel-
sels worden besproken en vergeleken met recente waarnemingsgegevens.

De algemene conclusie van hoofstukken II, III en IV is dat aller-
lei eigenschappen van 50 en E stelsels (meer in het algeimeen, van
vroeg-type stelsels) op natuurlijke wijze verklaard kunnen worden in het
hierarchisch clustering model wanneer sterrenstelsels oorspronkelijk ge-
vormd worden als schijfvormige (spiraal)stelsels. Tijdens het daarop-

volgende tijdperk van clustervorming zullen dan door middel van invang

van kleinere stelsels de sferische componenten, en daarmee SO en E
stelsels, gevormd worden.

In hoofdstuk V wordt een mogelijk verband tussen de activiteit in
de kernen van sterrenstelsels en de invang van stelsels onderzocht.
Tegenwoordig wordt meestal aangenomen dat de productie van grote hoe-

veelheden energie door actieve stelsels het gevolg is van accretie van

i
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gas door een zwart gat met een massa van 106 a 108 MQ. Ongeveer 5 tot
40% van de massa van het gas kan daarbij in energie omgezet worden.

Een van de manieren waarop gas aan het gat toegevoerd kan worden is in-
vang van een ster door het gat. Wanneer een ster het gat al te dicht
nadert wordt zij door sterke getijdekrachten, uitgeoefend door het gat,
uit elkaar getrokken en vervolgens verzwolgen. Onder omstandigheden zo-
als die heersen in de kern van onze Melk;ég zal een zwart gat van

5.10 MO ongeveer &&n maal per 1000 jaar een ster invangen. In de meest
actieve stelsels wordt echter een hoeveelheid gas gelijk aan ongeveer
€€n zonsmassa per jaar als brandstof aan het gat geleverd. Wanneer een
sterrenstelsel een kleiner stelsel invangt zal de sterverdeling rond
het zwarte gat verstoord worden. Het aautal sﬁerren dat per tijds-
eenheid ingevangen wordt door het gat kan daardoor waarschijnlijk toe-
nemen en de waarde van E&n zonsmassa per jaar bereiken., De actieve pe-
riode van een stelsel zal ongeveer 106 tot 107 jaar duren, wanneer een
klein stelseltje ingcvangen wordt. De helderheidsfunctie van actieve

kernen kan ook ruwweg geschat worden in dit model. Deze functie kan de
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vergelijking met waargenomen helderheidsfuncties goed doorstaan.

De omstandigheden in de kernen van sterrenstelsels zijn niet goed
bekend, Het onderzoek beschreven in hoofdstuk V is daarom in belangrijke
mate verkenmend, De resultaten van dit onderzoek wijzen er echter op dat
kannibalisme onder sterrenstelsels van groot belang kan zijn voor de

processen die zich in actieve kernen afspelen.
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Lyceum te Dordrecht begon “ik“in 1968 mijn studie aan de Vrije Unxvers1-
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