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On The Rotation and Clustering

of Galaxies

George Efstathiou

Abstract

The tidal torque theory for the origin of
galactic rotation has been investigated using
N-body computer simulations. The results shou
that this process is considerably less efficient
than was previously thought, though consistent
with recent observations of the rotation of giant
elliptical galaxies. Spectroscopic observations
of three elliptical galaxies along both major and
minor axes are presented. Two galaxies were found
to be slowly rotating, inconsistent with rotationally
supported oblate spheroids. No convincing evidencs
for minor axis rotation was found. An investigation
of the clustering of particles in Friedmann models
of the Universe has been carried out using N-body
simulations. The results of these computations
have been analysed in terms of the two- and three-
point correlation functions and various velocity
statistics, It is found that the shapes of the two-
and three-point functions are dependent upon the
cosmological density parameter fL , and that the
shape of the two-point function is in rough agreement
with simple analytic treatments based on the
ncmogensous spherical cluster model for the collapse
of protoclusters. The effects of particle discreteness
and two-body relaxation, which are particularly
important in the N-body models are examined. The
approach is compared to the detailed kinetic theory
calculations of Davis and Peebles. The cosmological
implications of the results are discussed. Other
statistics, such as the multiplicity function are
alsoc considered.
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Praface

The work described in this thesis has not been
submitted for any degree, diploma or other qualification
at any other university. The work has besn carried out
in collaboration: Chapter 2 with Bernard Jones, Chapter
3 with Richard Ellis, Chapter S with Mike Fsll and
Craig Hogan, and Chapter 6 with Dave Carter and Richard

tllis,



"Imaginary universes are so much more
beautiful than this stupidly constructed

"real" one.

G.H. Hardy, A Mathematicians Apology,
(1940)



CHAPTER 1

INTRODUCTION

Galaxy formation is perhaps the wost difficult
and speculative branch of modern cosmology. It is hard
to imagine that the primordial matter composing the
Universe was perfectly uniformly distributed. But if
we admit to primordial inhomogeneitiess there is a
danger of completing a full circle, of feeding in the
correct initial conditions to produce the observed
Universe. The usefulness of such an exercise is
dubious.

The difficulty occurs because the problem of
galaxy formation is tied up with the problem of initial
conditions, and perhaps the origin of the Universs
itself. It is not surprising, therefore, that even
within the framework of hot Big Bang cosmology there
exist a plethora of different theories which attempt to
explain the origin of galaxies and clusters. The purpese
of this introduction is to review briefly some of thess
theories and to indicate my reasons for working on the

crevitational instability theory.

1.1 The Microwave Background and the Origin of Light
Elements
The discovery of the microwave background by
Penzias and Wilson (1965) has had an enormous impact

on modern cosmology. Ubservations have shown that:
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the stars can significantly photo-ionize the pregalactic
medium. The stars, having burnt out, may then provide
the dark mass required to bind galaxy clusters and
account for galaxy halos. The model allous a calculation
of the entropy/baryon and Rees finds o‘viOB to within

an order of magnitude. Rees' model does not offer a
satisfactory account of the synthesis of i1ight elements
and this would seem to be the model's major difficulty.
Nevertheless, Rees' model does serve to illustrate the
magnitude of the assumptions involved in using the

hot Big Bang model to study the very early Universs.

1.2 Theories of (Galaxy Formation.

Within the context of the standard hot Big Bang
models, three thseories have been studied in some detail
in recent years. These are: (i) The cosmic turbulencese
theory, (ii) Gravitational instability of adiabatic
perturbations - the so called "pancake theory", (iii)
Gravitational instability of isothermal perturbations-
the "entropy perturbation theory".

In addition to these three theories, several
other probosals have been made invoking primeval
magnetic fislds ( wWasserman, 1978 ), black holes
( Mezarus, 1974; Carr, 1975 ), lagging cores ( Novikov,
1965 ), matter-antimatter annihalation in the early
.Universe ( Harrison, 1968; Stecker and Puget, 1972 ).
These proposais remain largely conjectural since in
most cases they do no better than theories (i), (ii)

and (iii) at the expense of introducing more "free"






a demping en the velocity spectrum. Calculations by
Kurskov and Ozernoi (1974) and Jones (1977) show that

only motions on mass scales greater than

My v 5 x 101" (Lh2)"7/2 "o (1.2)
will survive recombination. The post-recombination
evolution of cosmic turbulence has been considered by
Peebles (1971a). Since the sound speed drops sharply the
turbulence will become supersonic. If the eddy turn over
timescale is less than the Hubble timescale (strong
turbulence) then strong compression will occur soon

after recombination resulting in overdenss lumps, If

the eddy turn over time is greater than the Hubble
timescale (weak turbulence), the veloeity spectrum

that survives dissipation acts as a source term,
generating density fluctuations. Even in this casse, the
work of Jones (1977) and Peebles (1971a) taken together
show that overdense lumps are formed unless Yma x is taken
to ba so small that (i) the theory can no longer account
for the angular momenta characteristic of spiral

La.axies, (ii) the maximum scale on which the Kolmogerov

spectrum could be established

M v 3 x 1070 (L h?)"2 3

max "~ max ©O (1.3)

is less than the damping mass scale (equ. 1.2). On mass

scales 7 Nm the velocity spectrum will retain its

ax?

primordial form and 3o the theory loses the ability to









this mechanism can adequately explain the vorticity of
spiral galaxies. Hence, off the central plane of the
pancake, turbulence will be of great importance. The
characteristic masses of the first frajments to condense
in the cool layer are smaller than those of typical
bright gelaxies, but according toc Doroshkevich et al,

the gas clouds agglomerate by gravitational instability

2

into protogalaxies with masses in the range 109 Mo - 101 M

c°
This theory is quite attractive. The work done to

date shows no contradiction with observations. Indeed,

several observations have a natural explanatien on the

basis of this picture. These are as follous:

(i) The recently published map of the Shane-Wirtanen
galaxy catalogue ( Soneira and Peebles, 1978 )
shows marked filamentary structure. The reality
of these structures is ; matter of current debate
but such large scale structure would be expected
from the uni-dimensional collapse of pancakes.

(ii) Redshift surveys of particular areas of sky
indicate that large regions of space are apparently
devoid of galaxies ( eg, Gregory and Thompson,
1978). 0On the pancake picture these holes would
represent the large inter-pancake regions whers
galaxies could not form. It is difficult to assess
the statistical significance of these observations
until a wvery large "fair" volume of space has been

surveyed so that we can estimate the frequency

distribution of such holes.
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(111) The Local Superclustar appears to be highly
flattened ( see eg, the pictures of Tulley, 1977).
Again this finds an explanation in the pancake

theory in terms of anisotropic collapse.

Perhaps the weakest point of this theory lies in the
notion of large scale shocks, ie, it requires a belief
that the gas cloud will not fragment before the shocks are
generated as would occur if, say, isothermal perturbations
were present on small scales. The explanations of the
observations listed above do not rely cn the generation
of large scasls shocks whilst the calculations of galaxy
masses, radii and angular momenta do. There is also
another possible problem. There has been a great deal of
work in recent years on the statistical analysis of
galaxy catalogues ( ses chapter 4 ), but until the
dissipative processes are well understood, it will be
difficult to provide a quantitative model for the clustering

of galaxies.,

c) Entropy perturbations

Quring the radiation sra, entropy perturbations. do
not grow since the matter is strongly coupled to the
radiation field by Thomson drag ( Peebles, 1965 ). However,
they are not damped during recombination and hence the
spactrum of perturbations at recombination reflects the
primordial spectrum, The Jeans mass just after recombi-

nation takes the value






predicted on this assumption.

The theory should be able to explain at lesst the
following:

(1) The masses, radii and angular mcrenta of galaxies.
(ii) The origin of the Hubble sequence.
(iii) The pattern of galaxy clustering.

Important clues as to the characteristic masses and
radii of galaxies have emerged from the cooling arguments
of Binney (1976), Silk (1977), Rees and Ostriker (1977).
In this thesis, I have paid particular attention to the
problem of the angular momenta of galaxies and to the
problem of galaxy clustering.

Both of these problems have been previously studied
but these treatments could hardly be described as satis-
factory.

On the observational side, advances in absorption
line spectroscopy have led to the measurement of rotational
velocities and velocity dispersions of a large number of
6lliptical galaxies with which to compare theoretical
predictions. The statistical analyses of galaxy catalogues
ty Peebles and coworkers has resulted in important data
on the pattern of galaxy clustering allowing a comparison
with theoretical predictions.

It is apparent, from this brief review, that ths
gravitational instability theories ere currently the
most succesful theories of galaxy formation. The entrepy

perturbation theory in the form outlined above is the



simpler, but that, of course, does not mesn it is s
better theory. It does mean, however, that it will be

the sasier to bring into direct confrontation with

observational data.






may align themselves so es to minimise their quadrupole
interactions. It is difficult to make quantitative
analytic estimates of the importance of these effects,
since they require a treatment of tidal interactions
during the non-linear stage of protocluster grouwth.

In this chapter I shall address the problem
using N-body simulations for the development of structure
in an expanding universe, This approach should include

the above mentioned effects and provide a description of

15

the non-linear stages of cluster evolution, Pesbles (1971p)

has performed a series of small (N=100) numerical
experiments, the results of which agreed ( roughly ) with
his earlier analytic calculations. The small particle
number meant, however, that even this numsesrical treatment

was over-simplified,

Recently new theoretical estimates of the efficisency

of the tidal torgus mechenism have been computed, using
Monte-Carlo models, by Gott and Thuan (1976) and Thuan
and Gott (1977). These estimates fit nicely with Gott

and Thuan's proposal that the flattening of slliptical
galaxies is related to their rotation through the
Maclaurin spheroid models., In section 2.5 I compare the
results from the numerical simulations with observational

data and tnhe Meclaurin spheroid hypothesis.

2,2 Linear Psrturbation Theory.

If the numerical simulations are to be believed,
they should at least reproduce the results of linear

perturbation theory. Here I briefly review Peebles (15969)
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The dimensioniess coefficient Ié3'1 is tabulated by Peebles
for various valuses of the power spectrum index n and is of
order unity in the range -1< n < 0O,

Hence from equ.(2.8) we can see .nat according to

5/3

linear theory, the anqular momentum grows as t and is

of second order in the amplitude &(x).

It is also instructive to examine the nature of the
tidally induced velocity field. From equ. (2.4) we derive

the following equatian

D 3 3
2 -2
- W @53t L8y o e ey (2.10)
3
where
9 = Uy oy is the expansion
4
- A L -l e
Ui,j = % (u....,) + Uj,0) ,SGS\J is the shear
Wi, = % (“".'J). - 14,)";) is the vorticity

_ 2
and E;, = ?,i’k - 3 ? $ic 1is the tidal field,

(see e.g. Ellis, 1971). Nouw, if the vorticity ldij is
assumed to be zero at recombination, it will remain so
at any later time by virtue of the Kelvin circulation
theorem (see below). Hence, we see from equ. (2.10) that

the effect of a tidal field is to induce a shear flow.

Equ. (2.10) may be readily solved in the linear case toc

give












particles distributed pseudo-randomly within a sphere
of unit radius. Each particle was assigned a velocity
v = Hr with the constant H being determined by the total
mass of the system so that the expznsiosn would correspond
to that of an Einstein-de Sitter universe ({L = 1). On
the gravitational instability picture we would expect
galexies to have formed before the rate of expansion of
the universe deviated significantly from the (0= 1 case,
since the growth of small fluctuations effectively ceases
at a redshift z% ( 1[Qﬁ) - 1 for <1,

One of the models, Model A, contained 990 particles
of unit mass together with 10 seed mass particles of 10
mass units sach. This was an experiment to see the affect
of enhancing the clustering process, but the results
differed littls from those from the other two models
which contained 1000 particles each of unit mass (Models

8 and C).

b) The integrations
The numerical integration of Newton's equations of
motion were performed using an N-body program developed

-

2y Sed. Aarseth and kindly loaned to the author. This
program employs a fourth-order polynomial method with
the Ahmad-Cohen scheme for the seperate treatment of

particles internal and external to a neighbour sphere

(Ahmad and Cohen, 1973; Aarseth, in preparation).

The potential used was of the form

22
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