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ABSTRACT
The underlying theme of this thesis is 'missing mass' which extends back to John
Michell's (1767) paper on the parallax of fixed stars. He foresaw that our galaxy was part
of a system in our own part of the Universe, independent of other systems which existed at
great distances. This understanding of the independence of our galaxy was necessary
before its mass could be calculated and the final recognition that there was 'missing mass'.
In 1933 Fritz Zwicky published a paper in Helvetica Physica ACTA in which he
introduced the concept of ‘dark matter’ to explain the ‘missing mass’ in the Andromeda
Nebulae, specifically its Coma Nebulae. This launched a series of studies which
culminated, during the 1990s, in a number of international teams (including two from
Australia) using gravitational microlensing to search for evidence of 'dark matter' in our
Galaxy.
This thesis examines these 'dark matter' studies and demonstrates that the concept of
‘dark matter’—in one guise or another—extends back to John Michell and a seminal paper
that he published in 1784. It also reveals that in the late nineteenth and early twentieth
centuries, following the emergence of astrophysics, various astronomers foreshadowed
Zwicky’s pioneering studies.

The history examines the ways in which the changing

concept of ‘dark matter’ has contributed to our understanding of astronomy and
astrophysics between 1784 and the present day.
John Michell was interested in the concepts of probability. After reviewing William
Herschel’s paper on double stars he suggested that if there were luminous double stars
there was a high probability that one of a pair of stars could be non-luminous. He then
proceeded to calculate the size of a body from which light could not escape because of its
force of gravity. This body eventually became known as a ‘black hole’. Michell also
suggested that the proper motions of a luminous body could be disturbed by the nearby
presence of a non-luminous body, known as perturbation.
Fifty years later Fredrich Bessel verified Michell's concept of perturbation by gravity, by
applying the corrected clock times of 1834 to the proper motions of Procyan and Sirius,
which had been previously recorded in 1755. J.F.W. Herschel confirmed this fact and
concluded “The existence of numberless visible stars can prove nothing against the
existence of numberless invisible ones” (Herschel, 1845:141).
Early in the 20 th century Edward E. Barnard produced his catalogue of ‘dark patches in
the sky’ and disagreed with other astronomers who suggested that some of the dark patches
were formed by ‘opaque mass of some sort’.
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One of the biggest changes on our perspective of 'dark matter' was a result of the ‘Great
Debate’ in 1920 between Harlow Shapley and Herber D. Curtis which led to the acceptance
of Curtis’ view of the size of our galaxy confirming Michell's (1767) foresight. The
acceptance of an independent galaxy was necessary before the amount of ‘missing mass’,
which was holding the Galaxy together, could be calculated
Jacobus C. Kapteyn took the first step with his paper in 1922 entitled “First Attempt at a
theory of the Arrangement and motion of the Sidereal System” in which he estimated the
number of luminous stars and their average mass and suggested that this only made up half
of the mass of the Galaxy and the balance must be 'dark matter'. This work was further
confirmed by Kayteyn's student Jan H. Oort (1926) paper "Non -light-Emitting matter in
the Stellar System".
This work was confirmed by Fitz Zwicky in important papers published between 1933
and 1942, mostly based on the rotational speed of the Coma Cluster. Zwicky arrived at a
figure of 1000 km/sec, which was 400 hundred times that which was expected.
No further research was done in related to 'dark matter' until 1970 when Kenneth
Freeman renewed the interest in the mass of spiral galaxies, which eventually led to the
discovery that there was 'missing mass'. His studies on their circular-velocity field and
mass-angular momentum densities and their proportion of the total light for each of the
spheroidal and exponential components became known as Freeman Law.
Two short papers one by Einasto et al., (1974) and another by Ostriker et al., (1974)
discussed the missing mass around galaxies and of the universe. They concluded that there
existed non-observable mass within the galaxies and a large part of the mass was on the
outer regions. These papers add a little more understanding of the proposals by Freeman
(1970).
After a few similar conceptual papers over the next decade by Margon (1975), Shields
(1978) and Bailey (1982), Rubin et al., (1983) attempted to answer the question "Is the
distribution of luminosity in galaxies a reliable distribution of mass? (Rubin. et al., 1983).
They also applied the same question to the universe. This was a very detailed paper and did
indicate the locations of mass in galaxies and concluded that there was an unknown
fraction of mass in spiral galaxies and clusters hidden by a non-luminous constituent.
Peebles (1984) attacked the question of 'dark matter' from a different perspective moving
from the observation of the effect of 'dark matter' objects on nearby luminous matter to a
theoretical analysis. He based his model on a set of interesting assumptions which he hoped
would lead to a realistic model. However this model does not seem to have evolved.
In 1987 the most cited paper on the subject of 'dark matter' was published by Albada and
Sancisi (1987). They proposed that the amount of 'dark matter' can be calculated by
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comparing the observed rotation curves with the rotation curves based on the distribution
of light. The approach was on the basis that galaxies had distinct components, e.g. a bulge,
a disk and a dark halo, but this was idealistic because of the difficulty of separating the
components.
It could be said at that stage, new conceptual papers entered into a pause and the interest
changed to review papers on what had been written and researched. Noted papers were by
Trimble (1987) and the presentations at the 1987 IAU Conference "Dark Matter in the
Universe" most of which clarified results that had been previously published elsewhere.
In a different isolated approach Carignan and Freeman (1988) asked the question
"DDO 154: A Dark Galaxy?" and they went onto show that 90% of its mass at 7.6 kpc is
contributed by the dark component.
During the thirty year period from 1970 there were numerous research papers on the
observational and theoretical aspects of the existence of 'dark matter' without a definitive
answer to what it really comprised.
In 1989 the MACHO Collaboration was formed which eventually led to the identification
of some non-luminous bodies in binary systems using gravitational microlensing. This
collaboration continued with observations and assessment up to and past 2000. The work is
currently being continued by the SuperMacho group in South Africa and Chile.
The above foregoing review demonstrates that over three hundred years or so the concept
of 'dark matter' has undergone a major change moving from the probability that dark suns
exist, through to the need for 'dark matter' to prevent the rotating Galaxy flying apart. The
existence of dark bodies suggested by Michell (1784) was finally proven by the MACHO
projects at the turn of the twentieth century.

____________________________________________
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1. INTRODUCTION
1.1 Current Cosmology
Currently the Universe is thought to comprise (approximately) 23% ‘dark matter’, 4%
baryonic matter (stars, dust and gas), and 73% ‘dark energy’. This composition is based on
extensive observations such as fluctuations in the cosmic microwave background (CMB),
distributions of large-scale galactic structures and redshifts of distant Type I supernovae,
which indicate that the overall curvature of the Universe is flat, that is, the total density of
all forms of matter and energy is equal to the critical density, and that the expansion of the
Universe is accelerating.
Many experiments and astronomical observations currently are being carried out or
planned in a bid to confirm these findings and to try to answer two important questions:
“What is dark matter?” and “What is dark energy?”
‘Dark energy’ is a recent concept evolving from studies of high-z Type I SNe in the
early 1990’s. ‘Dark energy’ extends throughout space, has a negative pressure and
produces an accelerated expansion rate for the Universe. The two most popular models of
‘dark energy’ are Einstein’s cosmological constant and a dynamical mechanism involving a
scalar field.
On the other hand ‘dark matter’ has been known to exist for centuries in one form or
another. It ranges from the predicted dark star of Michell, too dense to allow light to
escape, to distributions of matter (gas) that appear dark, to missing mass whose existence is
only determined by it gravitational effects. It is this changing development in the concept
of ‘dark matter’ which is the subject of this thesis.
The current evidence for the existence of ‘dark matter’ is its gravitational effect on the
rotational curves of spiral galaxies, galactic motion within clusters, amplification of
fluctuations in the CMB, and gravitational microlensing of background galaxies by
foreground mass distributions. The favoured candidates for ‘dark matter’ include:
(a) baryonic matter in the form of hydrogen gas (hot, cold or frozen), brown dwarfs, large
planets, and stellar remnants such as white dwarfs and black holes;
(b) non-baryonic matter such as WIMPS (weakly-interacting massive particles predicted to
occur in several theories of new physics) or axion (hypothetical particles postulated in 1977
to resolve the problem of CP-violating interactions in quantum chromo dynamics).
Some of the experiments that have already been carried out or are planned to reveal the
nature of ‘dark matter’ and ‘dark energy’ are:
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(a) WIMP searches:
CRESST (Cryogenic Rare Event Search with Superconducting Thermometers).
EDELWEISS (Experience pour DEtecter Les Wimps En Site Souterrain)
UK Dark Matter Collaboration at the Boulby Mine.
Plus several others.
(b) Axion Searches:
CAST at CERN.
The Large Scale US Axion Search at the Lawrence Livermore National Laboratory.
(c) Gravitational Lensing Experiments:
The Dark Matter Telescope.
POINT-AGAPE using the Isaac Newton Telescope.
MACHO Project at Mt. Stromlo Observatory discontinued in 2003.
MOA – Microlensing Observations in Astrophysics: New Zealand / Japanese.
(d) Neutrino Experiments:
AMANDA (Antarctic Muon and Neutrino Detector Array)
ANTARES Accelerator (Australian National Tandem Research Accelerator)
CHORUS using the CERN SPS Accelerator.
COSMOS at Fermilab.
RAND at the South Pole.
And several others.
Current concepts of ‘dark matter’, ranging from non-luminous extended distributions of
matter comprising of known and/or unknown particles, to collapsed objects, are based
heavily on theoretical advances in the 20 th century such as Einstein’s description of gravity
using his General Theory of Relativity, the Standard Model of elementary particles and
their interactions and recent extensions to supersymmetry theories which provide the
favoured WIMP candidate known as the neutralino, which is the subject of one of the main
searches underway at the Large Hadron Collider (LHC).
Understandably the majority of current literature concentrates on these recent
developments and the enormous advances that have occurred in the investigation of ‘dark
matter’. To include this current period in a history of ‘dark matter’ would be inappropriate
for what has been designed specifically as a history of astronomy thesis, and moreover it
would require advanced mathematical training and a detailed research knowledge of
contemporary theoretical physics, which the present author does not possess. For this
reason the present period is excluded from our study. Despite this omission there is a very
rich field for research, as it is often not appreciated that prior to this period there was a
great deal of activity and debate amongst astronomers, both in theorizing and in making
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observations to try and determine the location of the ‘missing mass’ (now referred to as
‘dark matter’).
This thesis addresses this struggle, commencing with the work of John Michell in the
eighteenth century, through the work of such astronomers as William and John Herschel,
Fredrich W. Bessel, John C. Adams, Urbain J. J. Leverrier, Edward E Barnard, Anton
Pannekoek, Albert Einstein, Karl Schwarzschild, Harlow Shapley, Heber D. Curtis and
looks at the writings of Fritz Zwicky and his contemporaries. Zwicky and the discussion on
‘missing mass’ pauses due to a change in interest brought about by radio telescopes.
The thesis returns to the history of ‘dark matter’ and its effect in galaxies. With the
development of larger and better telescopes moves on to the study of MACHO,
(Massive Compact Halo Objects).

1.2 Thesis Topic
The objective of this thesis is to review the ways in which the concept of ‘dark matter’ has
evolved since it was introduced in 1784; the history of discovery up to Fritz Zwicky; and
how astronomers have tried to find ‘dark matter’ and define what it is. The term ‘dark
matter’ is traditionally associated with Fritz Zwicky, who in a seminal paper published in
1933 suggested ‘dark matter’ to explain the ‘missing mass’ in the Coma Nebulae as part of
his study of the Andromeda Nebulae. But, as will be demonstrated in this thesis, the
concept is much older, dating back to theories presented by John Michell and the French
mathematician Pierre-Simon Laplace, in the eighteenth century.
1.3 Definition of Terms
Although the term ‘dark matter’ is widely used by contemporary astronomers, there does
not appear to be one widely-accepted definition, so for the purposes of this thesis I have
decided to adopt the following definition which is given by Blain (2005: vii) in the book
Trends in Dark Matter Research:
It is generally believed that most of the matter in the universe is dark, i.e. cannot be detected
from the light which it emits (or fails to emit). Its presence is inferred indirectly from the
motions of astronomical objects, specifically stellar, galactic, and galaxy cluster/super-cluster
observations.

In this context, ‘dark matter’ cannot be seen, but its presence can be inferred. It was
Schwarzschild (1916) who suggested light, considered as massless radiation, followed a
curved path through space when in the presence of a massive body. This distortion of light
enabled astronomers to identify the presence of large non-luminous objects without actually
being able to observe them through what is referred to as gravitational lensing (Ridpath
2004). Some of these non-luminous objects are called MACHOS (Massive Compact Halo
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Objects, a term coined by Kim Griest from the Centre for Particle Astrophysics, University
of California, Berkeley, USA.). They form part of the overall family known as ‘dark
matter’, which ranges from dark galaxies and black holes down to (possibly) the smallest
known particle with mass, which is currently the neutrino (Ridpath 2004).
During the late nineteenth and early twentieth centuries ‘dark matter’ was recognised as
part of the gaseous nebulae in our own Galaxy which did not emit light. The first
astronomer known to have an interest in this particular type of ‘dark matter’, although he
called them ‘dark patches,’ was E. E. Barnard in 1893 (Barnard, 1905), who observed them
while looking for comets. Previously, there had been considerable debate about the true
nature of illuminated gaseous nebulae: were they primarily composed of unresolved stars or
of dust and gas (e.g. see Hearnshaw, 1986; Jones, 1975)? Their ‘fuzzy telescopic
appearance’ provided no clue and the riddle was only solved in 1864 when William
Huggins (see Becker, 2011) examined the spectra of a number of nebulae and found them
to be comprised mainly of gas.
1.4 Current Searches for ‘Dark Matter’
It is now seventy years ago that Fritz Zwicky determined by mathematical means and
observations that clusters of galaxies consisted predominately of non-luminous matter which
is now called ‘dark matter’. The search for ‘dark matter’ is now one of the themes that
dominate contemporary cosmology. As discussed below, it has now been confirmed that
‘dark matter’ exists on a much larger scale than was originally envisaged.

1.4.1 The Vicinity of the Solar System within the local Spiral arm of our Galaxy.
The density of matter in the general vicinity of the Solar System can be obtained by sampling
a uniform population of luminous stars extending well above the disk of the Galaxy. Then
taking the average velocities of the stars and the vertical distances they move above the disk
will give a means of calculating the gravitational force necessary to keep the stars in the disk.
The total density of matter necessary to exert this force can be calculated. The number of
luminous stars in the sample and their total density indicates that the number of visible stars
is insufficient by at least a factor of 2 (Kapteyn 1922).This suggested the existence of nonluminous matter that is now known as ‘dark matter’.
This ‘dark matter’ probably consists of very dim stars, such as white or black dwarfs.
White dwarfs mark the end of the evolution of stars like our Sun, as their hydrogen fuel starts
to run out. A typical white dwarf is smaller than the size of the Earth but has the mass of
about 60% of the Sun. It passes through its final luminous stage from a hot core of a planetary
nebula as its envelope of a red giant is ejected. The core burns out and as it cools down
becomes a black dwarf.
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Another method of measuring the mass is by obtaining the ratio of the mass of all the stars
to the luminosity emitted by them in a volume of a few hundred parsecs around the Sun. For
example, if a typical star near the Sun has the same mass as the Sun, the total mass to total
light would be 1 and >1 if the typical star is less massive and <1 for more massive stars. In
nearby stars the ratio has been found to be 2 in solar mass (M) to solar Luminosity (L): this
M/L ratio suggests that the average star near the Sun is slightly less massive. The only know
that ‘dark matter’ in the solar vicinity comprises dark dwarfs.

1.4.2 Galaxies
What was not taken into account was that in the outermost parts of the galaxies (galaxy halos)
there is negligible luminosity. There are, however, the occasional orbiting gas clouds which
allow the measurement of rotation velocities and distances. Also the rotation velocities of the
galactic haloes do not decrease with increasing distance from their galactic centres. This
feature of constant velocity suggests that the galaxy’s cumulative mass continues to increase
with radial distance from the centre even though the amount of light levels off (see also
Freeman 1970).
The mass seems to stop accumulating at about 50 kiloparsecs, where the halo appears to
be truncated. From this it has been inferred that the M/L ratio of the galaxy, including its disk
halo, is five times larger than the luminous inner region, which is clear evidence of the
existence of ‘dark matter’. A survey of spiral galaxies revealed that all were dominated by
‘dark matter’.
The M/L ratio can be evaluated in respect to galaxy pairs, groups and clusters. Relating
their velocities and distances, the total mass required to stop them flying apart can be
determined. For galaxy pairs with a typical separation of 100 kiloparsecs the ratio of mass to
luminosity is about 100. The M/L ratio increases to 300 for groups and clusters over a
distance of approximately 1 megaparsec. Beyond this, 95% of the measured mass is ‘dark
matter’.
Super-clusters, consisting of several clusters, are the largest objects for which precise
mass densities have been measured. Our Galaxy is part of a super-cluster centred on the
Virgo Cluster at a distance of about 10 to 20 megaparsecs. The mass between our Galaxy
and Virgo Cluster decelerates by about 10% the recession of our Galaxy from Virgo, as
predicted by Hubble’s Law. The deviation from Hubble’s Law can be applied to galaxies
within our region, which can supply a mean density within the Virgo Super-cluster. Again the
M/L ratio equates to about 300.

1.4.3 Hubble Flow
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Outside the super-clusters there are gravitationally-bound galaxies within the known
Universe. However, these galaxies are not uniformly distributed and there must be remnants
of small density fluctuations. Some kinds of ‘dark matter’ which form part of the critical
density on large scales must participate in these density fluctuations. The relative movement
of galaxies to the Hubble flow will trace the fluctuating component of ‘dark matter’.
The resultant maps of these flows reveal large-scale bulk flows which account for 10% of the
Hubble flow.
The flows are the result of gravitational attraction from all matter present, including clumped
matter, dark as well as light. Indications suggest that the amount of ‘dark matter’ must equal
the critical density to account for the amplitude of the observed flows.

1.4.4 Inflation
The inflation theory that the very early Universe went through a period of exponential
expansion, suggests that we live in a flat Universe where the density parameter, omega,
equals unity, meaning the density of matter must equal the critical density. This theory can
only be reconciled with observations if the majority of ‘dark matter’ is uniformly distributed
over scales up to 10 megaparsecs.
As Silk (2011: 2) said: “The nature of ‘dark matter’ predicted by inflation is a profound
and unresolved puzzle.”
1.5 The Nature of ‘Dark Matter’
The current concept of ‘dark matter’ is simply explained in an essay by Professor Joseph
Silk (see http://astro.berkeley.edu/mwhite/darkmatter/essay.html) which has a long
bibliography attached that is subdivided into the following categories:
Popular magazine articles.
Popular books.
Books intermediate in difficulty, but non-mathematical.
Technical books for people with some physical science background.
Important evidence as to the composition of ‘dark matter’ is the abundance of the heavier
isotope of hydrogen, deuterium, created during the Big Bang. There is no other known source
for the extra deuterium other than the Big Bang, as stars destroy deuterium and do not
produce it. This has been confirmed by observations that interstellar clouds contain deuterium
the same as gravitationally-powered stars still developing nuclear burning cores. Fully
developed stars do not contain deuterium.
The percentage of deuterium that has been destroyed can be determined by comparing the
amount of deuterated molecules in the atmosphere of Jupiter to that in interstellar clouds. The
amount of deuterium created in the Big Bang can thereby be estimated. The density of
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baryons can then be chosen not exceeding about a tenth of the critical density for the closure
of the Universe. Otherwise too little primordial deuterium would have been created. The
density of baryons cannot be below 2-3% of the critical density or there would be an
overproduction of deuterium compared to what has been observed. “If the universe is at
critical density, 90% of the matter in the universe must be nonbaryonic.” (Silk, 2011: 3).
In such a Universe if the ‘dark matter’ cannot be baryonic, what else can it be? One
possibility is that it comprises stable, weakly-interacting particles such as neutrinos, provided
they possess a small mass. Neutrinos are usually considered to be massless but there are so
many that even with a mass of only 50 eV they would close the Universe. However, the
current estimated mass of the electron neutrino obtained from tritium decay experiments is
about 10 eV.
Another suggestion is that the particles are WIMPS having more mass than a proton.
Exotic WIMPS such as the photino and neutralino predicted in a theory called supersymmetry
(SUSY) have been proposed in sufficient quantity to also close the Universe. They were very
short lived, and existed in large numbers in the very early Universe while the temperature
remained high enough to exceed the energy scale characteristic of SUSY. The lightest
supersymmetric particle (LSP) should still survive in our low energy Universe. The LSP
could be the photino, the SUSY a partner of the photon, or the neutralino, with expected
masses of 10 to 100 times that of a proton. They are uncharged and interact very weakly with
matter.
Experiments at CERN measuring the strength of the strong and weak nuclear interactions
over a range of high energies offer strong evidence for SUSY. These experiments show that
the strong and weak nuclear forces will not converge to the same strength at very high energy
unless SUSY exists: “That they do converge at a high energy is the thesis of grand unification
of the fundamental forces, whose breakdown in the early universe gave rise to inflation.”
(Silk, 2011: 3). Four different types of experiments have and are being carried out trying to
detect the LSP.
Sensitive laboratory detectors are searching for photinos in the Galaxy’s halo that have
been intercepted by the Earth and the Sun. Different methods are being used to try and find
debris of photino interactions in the halo. Unfortunately no evidence of their existence has
been found.
We know that ‘dark matter’ exists in the natural form of baryons. The Big Bang Theory
explanation of light element abundance needs the existence of baryonic ‘dark matter’.
However the same abundances also suggest that most ‘dark matter’ is non-baryonic. Dark
baryonic matter is believed to be several times the quantity of luminous baryonic matter,
approximately 3 percent of the critical density needed to close the Universe .It is probably in
the form of burnt out stars in the galactic halo or in the form of planets and black holes.
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Baryonic ‘dark matter’ does exist but is it in sufficient quantities to resolve the questions
related to gravitational forces in galaxy halos, galaxy clusters and superclusters?
It is considered unlikely that baryonic ‘dark matter’ is sufficient to close the Universe
without the support of WIMPS. However it deserves serious consideration as ‘dark matter’ in
galaxy halos. The favoured baryonic ‘dark matter’ candidates have been called MACHOs,
being Massive Compact Halo Objects.
The results of two experiments using gravitational microlensing to prove the existence of
MACHO were reported in 1993: the MACHO Project in Australia, jointly with USA, and the
MOA Project in New Zealand in conjunction with Japan. There were several other
experiments being run at the same time such as OGLE and EROS.
In the mid-1990s Charles Alcock from the Lawrence Livermore Laboratory in
California began leading a large group of astronomers, who used the extensivelyrefurbished ‘Great Melbourne Telescope’ fitted with a unique CCD camera at Mount
Stromlo Observatory near Canberra (Australia) to photograph the southern sky in search of
gravitational microlensing events. Their research became known colloquially as the
‘MACHO Project’. Using a special technique the MACHO group was able to monitor
several million stars in the Large Magellanic Cloud. Each star was observed several times
over a period of one year using red and blue filters, revealing several microlensing events.
These events lasted between 30 and 50 days.
From these duration times the MACHO group was able to estimate the mass of the
MACHO to be around 0.1 solar masses .Because of the distances and the uncertainty of the
transverse velocity of the MACHO across the line of sight the observers assumed a factor
of 3 ‘uncertainty’ in either direction.
These observations are still ongoing in programs searching for extra-solar planets and
dead stars (Silk, 2011).
1.6 Justification of the Topic
1.6.1 Originality
Although >400 research papers that specifically deal with ‘dark matter’ have been
published, very few of these papers offer an historical perspective, except Freeman and
McNamara (2006) and Trimble (1990). Other papers that consider the historical aspect,
merely examine restricted time intervals (e.g. Davis, 1987); specific types of astronomical
objects (e.g. van Albada and Sancisi, 1986); or the results of different recent microlensing
projects (e.g. Alcock et al., 2000; Blain, 2005; Kruse and Schneider, 1999). Therefore, this
thesis is unique in that no one has conducted a detailed review of the ways in which the
nature of ‘dark matter’ changed in the minds of astronomers from the eighteenth century
through to the end of the twentieth century and the beginning of the twentieth-first century.
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1.6.2 Relevance and Importance of this Study
The concept of ‘dark matter’ is critical to our understanding of contemporary cosmology,
as it may help explain the forces holding the galaxies together (including our own Galaxy),
and why the Universe appears to be expanding. In addition, ‘dark matter’ studies recently
opened the door on efforts to identify ‘dark energy’, which could lead to a final
understanding of how our Universe was formed. By carrying out a review of ‘dark matter’
studies in this thesis, we are able to place in historical perspective current astrophysical
attempts to detect and explain ‘dark matter’.
There is an immense amount of literature on ‘dark matter’. For example, a search of
NASA’s ADS for the period 1905-2004 reveals that there have been >50,000 papers
published in which ‘dark matter’ features, but for the purposes of this thesis only those
papers that specifically refer to ‘dark matter’ in their titles have been reviewed (unless the
paper makes a significant contribution to the concepts for the period under review).
Even with this culling process, the number of published papers is still very impressive,
as Table 1 indicates. The data included in Table 1 indicate that from 1905 there has been
an exponential increase in the number of ‘dark matter’ papers published each decade,
except for the 20-year period during and after the end of WWII. The massive jump in the
decade 1995 to 2004 is probably due to the impact of the various microlensing projects and
advances in astrophysics.
Table 1: The changing number of dark matter papers in ADS, 1905-2004.
Decade
1905 - 1914

Total Published
5

Decade
1955 - 1964

Total Published
0

1915 - 1924
1925 - 1934

15
22

1965 - 1974
1975 - 1984

7
12

1935 - 1944
1945 - 1954

5
2

1985 - 1994
1995 - 2004

77
355

Total Number of Papers

451

Yet Table 1 does not tell the whole story, for papers on ‘dark matter’ can be traced back
to the eighteenth century. The first step in the search for ‘dark matter’ occurred in 1776
when Christian Mayer of Mannheim observed some double stars and deduced from their
appearance that they were intimately connected; in each case the smaller component being
a satellite of the principal component (Lubbock, 1933). Six years later, William Herschel
(1782b) published his “Catalogue of double stars”, which led John Michell (1784) to
suggest that one of the components of a pair of stars may be non-luminous. Thus, the
possible existence of ‘dark matter’ was first proposed more than two hundred years ago.
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Fritz Zwicky is incorrectly given the credit for first introducing the term ‘dark matter’ in
his 1933 paper, “The red shift of extragalactic nebulae”. His main concern was the
identification of ‘missing mass’ in the Coma Nebula. In calculating the mass of this Nebula
with respect to its rotational velocity and redshift, using the then-current work of Einstein,
De Sitter and Hubble and comparing the results with those of Van Maanen, Zwicky
concluded that “... one is confronted a serious problem.” It was subsequently proven by
Hubble that Van Maanen figures were not correct and that the Hubble Constant should be
reduced. So Zwicky was correct to express his reservations. He went on to suggest that the
missing mass may be ‘dark matter’. Zwicky’s paper was written in Swiss German and
published in the Basel University journal Helvetica Physica Acta; therefore it did not reach
a wide international audience and receive the credit it deserved. Zwicky attended Basel
University in his younger days and this may be the reason he chose this particular journal
for this important paper.
Even so, Zwicky was not the first to use the term ‘dark matter’ for in 1924 Elliott Smith
published a paper titled “Occulting matter in space” (Smith, 1924) in Popular Astronomy
where he refers to “... dark occulting matter about all spirals.” At that time he was reviewing
Barnard’s atlas of dark patches in the sky.
From the mid-1930s through to the start of the 1980s very little interest was shown in
‘dark matter’, but since then there has been a surge in interest, and each year a significant
portion of the astronomical budget of many observatories has been devoted to the search
for ‘dark matter’.

1.7 Research Methodology
This thesis is based upon an exhaustive search of the astronomical papers published by the
Royal Astronomical Society and in the Philosophical Transactions of the Royal Society
from 1750 until 2010—to ensure inclusion of historical papers—supported by a similar
review of the NASA ADS astronomical data base.

1.8 Outline of Thesis
Following the ‘Introductory’ chapter, this thesis contains five further chapters. They are
chronological and methodologically-distinct, as observed and conceived by astronomers
and mathematicians between 1767 and 1942.
Chapter 2 examines John Michell and Pierre-Simon Laplace and the methodology each
used to determine the mass of a ‘black hole’.
Chapter 3 examines the dark nebulae that attracted the attention of Edward E. Barnard
while he was searching for comets. He tried to highlight the difference between nebulae
and other ‘dark spaces’ and ‘holes’ seen in the sky. This Chapter includes the work done on
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nebulae by other astronomers such as Curtis, Pannekoek, E. Smith, Trumpler, Gerasimovic,
Bok and Reilly.
Chapter 4 reviews the developments in astrophysics early in the twentieth century and
how these provided the theoretical and observational framework for research carried out in
the 1930s by Zwicky and his contemporaries.
Chapter 5 is basically devoted to the work by Fritz Zwicky, ‘missing mass’ and the
introduction of the ‘dark matter’ term which we recognise today. It covers Zwicky’s
thoughts on such items as the application of the virial theorem as applied to clusters of
nebulae, nebulae as gravitational lenses and whether the Universe is expanding or
stationary.
Chapter 6 focuses on the emergence of ‘dark matter’
Chapter 7 reviews Microlensing and the MACHO projects.
Finally, concluding remarks are included in Chapter 8, and the thesis ends with a
Glossary of Technical Terms, and with a list of References.
______________________________________________
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CHAPTER 2: EIGHTEENTH AND EARLY NINETEENTH
CENTURY VIEWPOINTS: FROM MICHELL
TO LE VERRIER
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2. EIGHTEENTH and EARLY NINETEENTH CENTURY VIEWPOINTS:
FROM MICHELL to LE VERRIER

The concept of a black hole is now widely accepted in astronomy and is applied to a range
of bodies, extending from extremely small primordial black holes formed during the Big
Bang with masses less than the mass of the Earth, to stellar remnant black holes with mass
of 3-30 M sun resulting from supernova explosions up to super-massive black holes with
masses of 106  109 M sun at the centres of active galaxies.
(http.//science.nasa.gov/astrophysics/focus-areas/black-holes/). Such objects, defined by the
common characteristic that their gravitational fields are so strong that light cannot escape
from them, comprise a part of the baryonic component of ‘dark matter’ in the Universe and
are regarded as having their theoretical foundation in Einstein’s General Theory of
Relativity (Carroll & Ostlie.,1996).
However, the concept of black holes has a much longer history, dating back to studies
by Britain’s John Michell and France’s Pierre-Simon Laplace in the eighteenth century
(e.g. see Montgomery et al., 2009). It should be remembered that at that time light was
considered to consist of corpuscles (rather than wave motion).
Even before Michell, ground work research and concepts were proposed on the
relationship between the emitting light and mass of an object by France’s Pierre Bouguer
(1698–1758) in 1729 (Crossley, R., 2003) Bouger also developed a range of measuring
instruments which enabled astronomers to enhance their research.
2.1 John Michell, Henry Cavendish and William Herschel
John Michell (1724–1793) is known as the ‘father of modern seismology’, but he was also a
geologist and astronomer, and was the first person to conceive the idea of what today would
be termed a black hole (Eisenstaedt, 2005; Hodges, 2007; Israel, 1987; Schaffer, 1979).
Michell was the son of a Rector, and was born on Christmas Day in 1724 at the Eakring
Rectory in Nottinghamshire (see Figure 1). He was admitted to the Queens’ College,
Cambridge (Figure 4), in 1742, graduating in mathematics as Fourth Wrangler in 1748. The
following year he was elected a Fellow of Queen’s College, obtaining an M.A. in 1752 and a
B.D. in 1761, and lecturing in Hebrew, Greek, arithmetic and geometry. He resigned his
fellowship of Queen’s College in 1764. Michell joined the Royal Society in 1760 but this was
not recorded until 1762, when he was appointed Woodwardian Professor of Geology at
Cambridge, but just one year later he became Rector of Compton, near Winchester, and spent
the rest of his life as a clergyman.
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Figure 1: England (after England –counties [1]-gif- Windows Live Photo Gallery)
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Figure 2: Gresham College, 1740, Engraving by George Vertue.
Home of the Royal Society in 1740
(after http://en.wikipedia.org/Gresham.College-1740jpg.
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Figure 3: Engraving of the Royal Society in Crane court
(after Charles John Smith(1803-1838)

Figure 4: Queens’ College, Cambridge, as depicted by Loggan in 1685
(after commons.Wikimedia. org).

39

DARK MATTER from MICHELL to MACHOS

Figure 5: Queens College (after,
http://upload.wikimedia.org/wikipedia/wikipedia/Commons/1/12/Cambridge_Queens%27.
Cloister Court JPG )

Later he moved to Yorkshire, where he carried out the astronomical studies that are discussed
here. John Michell died on 29 April 1793 (Hoskin, 2004; cf. Hodges, 2007, who gives the
date as 21 April).
No image of John Michell is known, but he was described in a contemporary diary that is
now preserved in the British Library:
John Michell, BD is a little short Man, of a black Complexion, and fat; but having no
Acquaintance with him can say little of him. I think he had the care of St. Botolph’s Church,
while he continued Fellow of Queen’s College, where he was esteemed a very ingenious man,
and an excellent Philosopher. (Cited in Crossley, 2003).

Although known as the ‘father of modern seismology’, Michell was a polymath and made
important contributions in a number of fields of science (see Hardin, 1966), including
geology and astronomy. Jungnickel and McCormmach (1996: 301) also sing his praises:
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… his publications in astronomy were—by default, it would seem—theoretical. In a speculative
verve he was Herschel’s equal, and since he had mathematical skills equal to Maskelyne’s and
Cavendish’s, he could develop his theoretical ideas further. In breadth of scientific knowledge,
Michell resembled William Watson … like Watson; Michell was knowledgeable in natural
history as well as in natural philosophy.

As an astronomer, Michell was both an observer and a theoretician. During his life he
made at least one telescope, a large reflector, in about 1780. Soon after Michell’s death this
instrument was described by his son-in-law in a letter to William Herschel:
The dimensions & state of the telescope are nearly as follows. A Reflecting Telescope Tube
12ft long made of Rolled Iron painted inside and out, & in good preservation. The Diameter of
the large Speculum 29 inches. Focal length 10 feet, its weight is 330 lbs it is now cracked.
There are also 8 concave small mirrors of different sizes … and 2 convex mirrors … there are
also several [?] sets of eyeglasses in brass tubes & cells. The weight of the whole is about half a
tun [sic.] … (Turton, 1793).

Herschel went on to purchase this telescope, but this was his only association with Michell.
Hutton (2006) has shown that there is no validity to the claim advanced by one of Michell’s
descendents in 1871 that it was John Michell who inspired Herschel to take up astronomy.
Michell’s (1767) first paper on astronomy was published by the Royal Society and was
concerned with the distances of the stars based upon their parallaxes and the true nature of
double stars. This paper was written in response to Pierre Bouguer’s Traité d’Optique sur la
Graduation de la Lumière (see Morère, 1729) which placed importance on the distinction
between the quantity and intensity of light.
2.1.1 John Michell and the Parallax of Fixed Stars
Michell’s 1767 paper was titled “An inquiry into the probable parallax, and magnitude of the
fixed stars, from the quantity of light which they afford us, and the particular circumstances
of their situation”. Magnitude in this period referred to size and not to the intensity of the
light emitted.
Michell commented that there was a need to derive sensible parallaxes for the fixed stars
but this was very difficult because of their immense distances. Under these circumstances it
would seem worthwhile to consider another method.
Let it be assumed that the medium fixed stars would be the same size as, and brightness
of, our Sun. Then what would be the parallax of the Sun if it was moved so far from us that
its ‘sunlight’ was equal to what is received from the fixed stars. To do this a comparison must
be made of the quantity of light we receive from the Sun to that received from the fixed stars.
To achieve this comparison, the methods suggested by Monsieur Bouguer could be used.
However Michell considered that this was too precise and not necessary for his needs.
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Instead, Michell used a mathematical comparison of the reflected sunlight from Saturn
and its size, to sunlight and the size of the Sun, and calculated their respective distances. The
same analogy was applied to Jupiter, and then a comparison made of the effect if the expected
proportion of reflected sunlight from each of these two planets was only one fourth or one
sixth of the sunlight they receive. This would increase the distances two or three times which
would reduce the parallax in the same proportion. If it was the case that the fixed stars were
the same size and brightness as the Sun then it was understandable that their parallaxes had
not been determined as they would hardly amount to two seconds, and possibly only one
second in respect to Sirius. Michell reiterated that he had assumed the magnitudes of the
fixed stars, as well as their brightness’s, were the same but it was possible that there could be
a great deal of difference between them. A star could be a thousand times the size of the Sun,
but would appear equally as bright if it was ten times the distance.
In fact the Sirius parallax is very much less than one second.
It is 8.6 ly away i.e. 8.6 x 63240 AU’s which= 543,864 AU’s
The Earth is 1AU from the Sun so the Tangent of the parallax= 1/543864
this is nearly zero seconds of arc.
Michell then considered the possibilities of two stars of the same size being near each
other, as in the case of ß Capricorn, and he reviewed the odds of more than two close stars
being of equal brightness (such as those in the Pleiades), suggesting a figure of 500,000 to 1.
The highest probability was that stars were collected together in clusters in some places
forming systems, whether by mutual gravitation, or some other law, or by the will of the
Creator. If such was the case, the same effect would cause two stars to be placed close to each
other.
It was natural to enquire if in general stars collect into systems and thus wouldn’t our Sun
be part of a system? Then applying the same logic to the fixed stars wouldn’t these systems
be of a similar size and brightness? This being the case wouldn’t the brightness decrease
inversely as the square of the distance and the sphere in which they are included increase as
the cube of the distance and the number of stars of any one degree of brightness was the cube
of the square root of the brightness?
If we now inquire, which are probably those stars, which compose part of the same system with
the Sun; though it will not be possible to point them out with certainty, yet there are some
marks: by which we may, with great probability, includes some and excludes others, whilst the
rest remain more doubtful. Those stars which are found in clusters and surrounded with many
others at a small distance from them belong probably to other systems and not ours. And those
stars, which are surrounded with nebulae, are probably only very great stars, which, upon
account of their superior magnitude, are singly visible, whilst the others, which compose the
remaining parts of the same system, are so small as to escape our sight. And those nebulae, in
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which we can discover either none, or only a few stars, even with the assistance of the best
telescope, are probably systems that are more distance than the rest. (Michell, 1767: 251).

Michell discussed nebulae and small constellations composed of a great number of stars
close to one another in the sky as probably belonging to other systems, those at greater
distances from each other forming the larger constellations, and those with fewer stars
belonging to our system. He established the probability that the Sun is one of a system of
stars, placed by the above-mentioned forces in this part of the Universe.
He commented on the distance to the Pleiades based on observations made by Robert
Hooke (1635–1703), remarking that its distance is about twenty times the mean distance of
the stars belonging to our system. Michell concluded his inquiry on the appearance of stars of
our system as seen from great distances. If the whole system did not subtend an angle of more
than six or eight minutes it would appear only as a nebula with no single star being clearly
separated with the existing telescopes. He suggested the size of the telescopes necessary to
reasonably view these nebulae to clearly see single stars, would have to be far larger than
those available at that time.
The difficulty of this study was there was no way of judging the comparative brightness of
the Sun and of the fixed stars except to relate them to a common fire. But realistically, the
Sun was far too bright to be able to make an acceptable comparison.
If, however, stars could be discovered with others revolving around them, i.e. binaries,
then the proportion of light between the Sun and the light of those stars in comparison to their
quantities of matter could be made. The greatest apparent elongation and the number of times
of revolution, the apparent diameters and densities of the central stars could be determined
without knowing their distances from us. Michell then suggested that the current instruments
were not accurate enough to correctly measure the angles of parallax to give an acceptable
distance result.
Michell then carried out a probability analysis of the existence of binary stars and systems
and their possible distances. He concluded his long probability analysis with the comment on
the appearance of the stars of our system if they were seen from a great distance: if the whole
system did not subtend an angle of more than six or eight minutes it would only appear as a
nebula, and no single star would be detectable (Michell, 1767).
From Michell’s comments it can be confidently concluded he understood that we are part
of a system in our own region of the Universe, independent from other systems which exist at
great distances. It took another 150 years for this to be confirmed by H.D. Curtis in the ‘Great
Debate’.
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2.1.2 On the Parallax of the Fixed and Double Stars
Friedrich Wilhelm Herschel (Figure 6) was born in Hanover (see Figure 7) in 1738, the
fourth of ten children. His father was a former gardener who joined the Hanoverian Foot
Guards as an oboist. Even though the family was from humble beginnings, young Wilhelm
and his siblings were encouraged to take an interest in scientific and philosophical
questions. Wilhelm Herschel followed his father into the Guards as a boy bandsman. The
Guards suffered a defeat at the Battle of Hastenbeck in 1757 and eventually, on his father’s
advice, he travelled to England, settling in Newcastle, where he called himself William
Herschel (Hoskin, 2011a; 2011b; Lubbock, 1933). Later he moved to Leeds, then Halifax,
and eventually to Bath.

Figure 6: Painting of William Herschel, 1738−1822
(after http://www.answers.com/topic /william-herschel).
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Figure 7: after worldatlas (http://www.worldatlas.com/aatlas/world.htm.)
Map showing European localities mentioned in this thesis.

His early life in England, until 1780, was occupied as a musician and mainly as an
organist and composer. Records indicate that he wrote 24 symphonies, most of which are
now forgotten. But it was his music that created his interest in mathematics and lenses.
Once settled in Bath his interest in astronomy grew after 1773 when he met the Astronomer
Royal, Neville Maskelyne (1732–1811), and he began building his own reflecting
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telescopes (e.g. see Figure 8), spending many hours every day grinding and polishing
speculum mirrors (see Cameron, 2012; Gargano, 2012).

Figure 8: Replica of the telescope used by Herschel to discover Uranus
(after http://www.answers.com/topic/william-herschel).

Early in 1781 while observing stars with a 6.2-inch f/13 Newtonian telescope, which he
had built, he observed an object with a non-stellar disk shape. He originally thought it was
a star or a comet but then realised it must be a planet. He named the planet the ‘Georgian
star’ after the King (see Herschel, 1781), but for political reasons this was not accepted and
he called it Herschel, but this too was soon changed to ‘Uranus’.
Based on his studies of many thousands of previously-undiscovered nebulae, he
suggested that our Galaxy was a large collection of stars and that the nebulae were similar
collections as viewed from a great distance (see Hoskin, 1963; 2011a; 2011b).
Amongst his very many discoveries he determined that most double stars are not optical
doubles but are true binary stars, the first evidence of Newton’s laws applying outside of
the Solar System. From his studies of the proper motion of stars he determined that the
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Solar System was moving through space, and he made an estimate of its direction
(Crowe and Lafortune, 2007).
Quite an unrelated discovery was that of infrared radiation (see Lequeux, 2009). While
testing filters suitable for solar observations Herschel found that with a red filter there was
a lot of heat produced in the filter, much more than with the visible spectrum through a
prism. He concluded that there was an invisible form of light beyond the visible spectrum.
William Herschel pointed out that determining the distance to the fixed stars had eluded
many of the eminent astronomers who tried various methods without success. The finest
observations had only given an approximate distance, enough to say the nearest fixed stars
were no closer than 40,000 times the diameter of the annual orbit of the Earth.
Trigonometry was of little help as the diameter of the Earth’s orbit is merely a point when
compared to the immense distance to the fixed stars. As the Earth’s orbit cannot be changed
the only hope was to improve the instruments and methods used to measure the parallax.
Herschel entered into a detailed analysis of what improvements should be made to the
telescopes and the use of micrometers to enable the measurement of the very small angles of
the parallaxes. He then proposed a theory based on the annual parallax of double stars and
Michell’s suggestions that for the purpose of determining their distance the stars could be
considered to be the same size as our Sun. This was followed by a trigonometrically analysis
of the measured parallax of each star in a double system, as the Earth moves from one side of
its orbit to the other side. The comparison of the changes in their parallaxes should enable
their distances to be determined (Herschel, 1782a).
To support his theory Herschel (1782b) produced his catalogue of double stars.
2.1.3 John Michell’s Proof of the Existence of Dark Stars
Michell applied a new approach to British sidereal astronomy, believing that the mass of a
star determined the quantity of light it emitted. He based his argument on a pioneering
probability analysis and demonstrated that nearly all double stars were binary systems and not
chance alignments (i.e. optical doubles). Hughes and Cartwright (2007: 93; their italics)
rightly claimed that Michell was “... the first statistical astronomer, and that he pioneered the
application of probability theory to stellar distributions.”
Michell proposed a purely dynamic procedure for determining the mass and density of
binary stars, as summarized by Mc Cormmach (1968: 139):
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According to gravitational theory, the period and greatest separation of a double star
determine the relation between the apparent diameter and density of the central star.
If the distance of the central star is somehow known, its apparent diameter can be
converted into its true diameter. The mass and the surface can be calculated from
the true diameter and density, and the star’s total light and brightness are then
referred to these magnitudes.

Hughes and Cartwright (2007) provide a succinct statistical examination of Michell’s paper,
which Hoskin (2004) has described as “… arguably the most innovative and perceptive
contribution to stellar astronomy to be published in the eighteenth century.”
Magnitude is currently considered as a measure of brightness of a star but in the 18 th
century it referred to that as can be compared by the same common feature. (Bailey, 1737).
That is, comparing weight or size etc.
Being unaware of Michell’s 1767 paper, in 1779 William Herschel began a search for
double stars (see Herschel, 1782a), and in 1782 he published his paper “Catalogue of double
stars” in the Philosophical Transactions of the Royal Society (Herschel, 1782b), along with a
paper on stellar parallaxes (Herschel, 1782a).
Herschel’s catalogue gave Michell the ‘means’ on which to base his second astronomical
paper, which bears the exceedingly long and laborious title, “On the means of discovering
the distance, magnitude, &c. of the fixed stars, in consequence of the diminution of the
velocity of their light, in case such a diminution should be found to take place in any of
them, and such other data should be procured from observations, as would be further
necessary for that purpose.” (Michell, 1784). Michell completed his paper in May 1873, and
sent it to his London-based friend, Henry Cavendish.
Henry Cavendish (1731–1830; Figure 9) was a natural philosopher, the eldest child of
Lord Charles Cavendish (Junknickel and McCormmach (1996). He was born in Nice (see
Figure 7, page 45) where his mother was convalescing. The family moved back to Putteridge,
Hertfordshire (see Figure 1, page 37), and after the death of his mother in 1733, the remaining
family moved to London and after some private tutoring, in 1742, Henry attended the
Hackney Academy, a school patronized by well-born Wigs. In 1749 he entered Peterhouse,
Cambridge, as a fellow-commoner and while there absorbed Newtonian natural philosophy.
Although he left the University in 1753 without a degree, Cavendish established some
important connections, including with the physician John Hadley (1682–1744), and with
Michell. Cavendish first attended the Royal Society in 1758 with his father and eventually
joined the Society. In 1765 he was elected to the Royal Society Council on which he
continually served until his death in 1810 (Schaffer, 2004).
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Figure 9 Sketch of Henry Cavendish, 1731–1810
(after http//en.wikipedia.org/wiki/File:Cavendish_ henry.jpg).

According to Jungnickel and McCormmach (1996: 139),
Michell and Cavendish’s acquaintanceship, if not their friendship, began no later than … 1760.
That year, at Cavendish’s first dinner as a member of the Royal Society Club, Michell was
present as a guest, and in later years Cavendish often brought Michell as his own guest. In 1760
Michell and Cavendish were both elected Fellows of the Royal Society …

By the time Michell sent him his paper in 1783, Cavendish was regarded as the Royal
Society’s “… scientifically most eminent member.” (Jungnickel and McCormmach, 1996:
249; their italics). Cavendish showed the paper to Maskelyne, Herschel, and other members
of the Royal Society, and he read the paper—in three instalments—at the 11 and 18
December 1873 and 15 January 1784 meetings of the Society. This was a time when the
Society was in turmoil as two opposing groups of members fought respectively to retain and
unseat the President, Sir Joseph Banks (1743–1820), and Michell’s paper was the only one
read at the two December meetings (ibid.: 249-256). Apparently Michell was in the habit of
regularly making the long journey from Yorkshire to London in order to attend meetings
(ibid: 301), so it is strange that he decided not to present this important paper himself. Maybe
the disruptive nature of the Society’s meetings at this time prompted him to stay away from
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London. Alternatively, his paper was speculative, so perhaps he felt that it would gain better
acceptance by his peers if it was presented by his illustrious colleague, Cavendish.
Be that as it may, Michell opened his discussion with the observation that Mr. Herschel
had discovered a very great number of groups of stars as doubles and triples and referring
to his 1767 paper, suggested that these stars would be affected by their mutual gravitation,
and that observations should reveal the period of revolution of the secondary components in
some of these systems. In a binary system, if the diameter of the central component, the
separation of the two components and the period of revolution of the secondary component
are all known, then the density of the central component can be calculated.
Knowing the density of any central body and the velocity any other body would acquire
by falling towards it from an infinite height, and its surface being given, then the mass and
the size of the central body can be calculated. Michell had previously suggested particles
(corpuscles) of light would be attracted by gravitational forces in the same manner as other
celestial bodies, if any one star of known density is large enough to affect the velocity of
light issuing from it; we have the means of calculating its actual size.
Michell then proceeds to carry out a geometrical analysis of the various velocities and
forces that would apply. His main objective was to determine the differences in the speed of
light between each star in a binary system as observed by Herschel, as it fell toward the
central object, when compared to the orbital velocity of the Earth (McCormmach 1968).
Michell and Cavendish often took the opportunity to discuss their different philosophies
on the several appearances of the inverse square law in nature (Hardin, 1966). As early as
1750, Michell had stated the mathematical properties of magnetic force and in 1771
Cavendish established the laws on electrical attraction and repulsion, both related to the
square law (Jungnickel and McCormmach, 1996).
In an exchange of letters with Cavendish, from 1783 to 1784, Michell described an
apparatus for comparing quantitatively the brightness of stars, and “... Michell’s objective
was to classify stars by means of detecting any variation over time of their brightness.”
(McCormmach 1968: 129).
He designed an apparatus which he called an ‘Astrophotometer’. This attempt was in
response to the failure of the leading astronomers of that time, Huygens, Cassini, David
Gregory, Euler and others, to measure the distance to the stars using parallax and they had
moved onto photometric reasoning.
By 1804 Herschel considered he was able to prove
... by a series of observations on double stars, covering a period of about 25 years - that many
of them are not only double in appearance, but may be allowed to be real binary combinations
of two stars, intimately held together by the bond of mutual attraction. (Lubbock, 1933: 98).
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It is important to consider the background, as discussed above, to the presentation of
Michell’s paper at the Royal Society meetings by Cavendish in 1784 and 1785, because of
the influence of Herschel as he commenced his study of the existence of binaries.
The actual diagram attached to Michell’s proof (Tab III) presented in 1784 was
inadvertently bound out of place in the Philosophical Transactions of the Royal Society and
the original was only recently found as a result of an intensive search undertaken by the
Society’s Librarian in response to a request arising directly from this thesis research (see
Figure 10). This diagram enables the proof to be followed. Because of its unique importance
the proof is quoted in full. It is also an example of the methodology used at that time. The
eighteenth century English has been slightly modified for clarity:
(1) Mr Herschel discovered a great number of stars in groups of double, triple etc. and it cannot be
doubted, that they would be affected by their mutual gravitation. It is therefore not unlikely that the
periods of revolution of some of these stars may be affected by other satellite objects yet to be
discovered.
(2) Given the apparent diameter of any central body about which another body rotates, and given
the apparent separation distance, together with the periodical time of the revolving body, the
density of the central body can be determined (Sir Isaac Newton’s Prin. b III.Pr.VIII.Cor.1).
(3) Given the density of any central body and given the velocity, at the central body surface, that
any other body would acquire falling towards it from an infinite height, the quantity of matter
would also be determined and consequently the real magnitude (size) of the central body would
therefore be determined. This is similar to the velocity of a comet revolving in a parabolic orbit.
(4) Let us suppose that particles of light are attracted in the same manner as all other known bodies
by forces in the same proportion as their inertia in accordance with the universal law of gravity.
Based on this supposition, if any one of the fixed stars, whose density has previously been
determined by the above means, should be large enough to affect the velocity of light emitting from
it, we would have the means of determining its real magnitude [size].
(5) Based on Newton’s propositions, if a line is drawn towards the direction a body is attracted by
any force, and a line is drawn at right angles to that line, with perpendiculars everywhere
proportional to the forces at each point they are drawn, the velocity acquired by a body beginning
to move from rest due to those forces, will always be proportional to the square root of the area
described by the perpendiculars.
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Figure 10: Michell’s explanatory diagram (Tab. III) from his 1784 paper. The original
was recently found in the Library of the Royal Society.
6) If the body was already moving with some velocity in the same direction as the line and subject
to the same forces, its velocity would always be proportional to the square root of the sum or
differences of the aforesaid area, and another area, whose square root would be proportional to the
initial velocity, i.e. to the square root of the sum of those areas if the motion is in the same
direction, and the square root of the differences if the velocity is in the opposite direction.
(7) On the basis of the proposition (6), to find the velocity a body would acquire when falling
towards any other central body, in accordance with the laws of gravity, let C in the figure (Tab111)
represent the centre of the central body, towards which the falling body is attracted and let CA be a
line drawn from the point C extending infinitely towards A. If RD represents the force by which the
falling body would be attracted at any point D, the acquired velocity from falling from an infinite
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height to the place D would be the same velocity acquired by falling from D to C with the force
RD, with the area of the infinitely extended hyperbolic space ADRB, where RD is always inversely
proportional to the square of DC, being equal to the rectangle RC contained between the lines RD
and CD. From this can be drawn the following corollaries.
(8) Cor. 1: With the central body remaining the same and the forces at the same distances
remaining the same, the areas of the rectangles RC and rC will always be inversely as the distances
of the points D and d from C, their sides RD and rd being inversely in the exact same ratio as the
sides CD and Cd: and therefore because the velocity of a body falling from an infinite height
towards point C is always a ratio of these rectangles and, inversely proportional, to the ratio of the
lines CD and Cd. Accordingly the velocities of comets revolving in parabolic orbits are always in
the inverse ratio of their distances from the sun, and the velocities of the planets at their mean
distances (which are always proportional to the velocity of the comets in the ratio of 1 to 2) must
obey the same gravitational laws.
(9) Cor.2: The magnitude of the central body remaining the same, the velocity of the body falling
towards it from an infinite height will always be, at the same distance from point C, disregarding
the central body, in fractional ratio of its density; the distance Cd will remain the same, the line rd
only being increased or reduced in proportion of the density, and the rectangle rC will consequently
be increased or diminished in the same proportion.
(10) Cor.3: The density of the central body remaining the same, the velocity of the body falling
towards it from an infinite height will always be as its radius, when it arrives at the same
proportional distance from point C; for the weights, at the surfaces of different spheres of the same
density are as their respective radii; and therefore the sides RD and CD, or any other sides’ rd and
Cd, which are in a given ratio to those radii, being increased or diminished in the same proportion,
the rectangles RC or rC will be increased or diminished in the same ratio of the radius CD, and
consequently the velocity in the simple ratio of CD.
(11) Cor.4: If the velocity of a body falling from an infinite height towards different central bodies
is the same, when it arrives at their surfaces, the densities of those central bodies must be in the
same inverse ratio of their radius; based on Cor.3. The density of the central body remaining the
same, the rectangle RC will be in the same ratio of CD; therefore in order that the rectangle RC
may always remain the same, the line RD must be inversely proportional as CD and consequently
the density inversely proportional as the square of CD.
(12) Cor.5: Therefore, the quantity of matter contained in those bodies must be directly in the ratio
of the radii; for the quantity of matter being always in a ratio compounded of the ratio of the
density, and the triplicate ratio of their radii, if the density is in inverse duplicate ratio of the radii,
this will become the direct triplicate and inverse duplicate, that is the ratio of the radii when the two
are added together.
(13) The velocity of a body would acquire from falling from an infinite height towards the sun,
when it arrived at its surface, being the same as that of a comet revolving in a parabolic orbit in the
same place, as proposed in paragraph 3, would be 20.72 times greater than that of the earth in its
orbit at its mean distance from the sun; as the mean distance of the earth from the sun being about
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214.64 times the sun’s radius, the velocity of such a comet would be greater at that distance than at
the distance of the earth from the sun, in the ratio of 214.64 to 1, and the velocity of the comet
being likewise greater than that of the planets, at their mean distances in the ratio of 2 to 1; when
taken together these will make the ratio of 429.28 to 1 and the square root of 429.28 is
approximately 20.72.
(14) The same result would have been obtained by taking the line RD proportional to the force of
gravity at the sun’s surface, and DC equal to its radius, and from above computing a velocity,
which should be proportional to the square root of the area RC when compared with the square root
of another area, one of whose sides should be proportional to the force of gravity at the surface of
the earth; and the other should be equal to 16 feet 1 inch, the space a body would fall through one
second, in which case it would acquire a velocity of 32 feet 2 inches per second. The velocity thus
found compared with velocity of the earth in its orbit, when computed from the same elements will
give the same results, I have made use of the latter method of computation on a previous occasion,
but I have rather chosen to take the velocity from that of a comet, as in the article above, because of
its greater simplicity and its relevance to this paper.
(15) The velocity of light, exceeding that of the earth in its orbit, when at its mean distance from
the sun, in the proportion of about 10,310 to 1, if we divide 10,310 by 20.72, we get 497 in round
numbers, will express the number of times the velocity of light exceeds the velocity a body could
acquire by falling from an infinite height towards the sun, when it arrives at its surface; and an area
whose square root should exceed the square root of the area RC, where RD is supposed to represent
the force of gravity at the surface of the sun, and CD is equal to its radius, in the same proportion,
must consequently exceed the area RC in the proportion 247,009 the square of 497 to 1.
(16) Therefore, according to paragraph 10, if the semi-diameter of a sphere of the same density
with the sun were to exceed that of the sun in the proportion of 500 to 1, a body falling from an
infinite height towards it, would have acquired at its surface a greater velocity than that of light,
and consequently, supposing light to be attracted by the same force in proportion to its vis inertiae,
with other bodies, all light emitted from such a body would be made to return towards it, by its own
proper gravity. (Michell, 1784).

Only the first sixteen clauses are quoted, as these are related to ‘dark matter’. In clause
16, above, the central body would remain invisible, and we would now refer to it as a ‘black
hole’. Later in his paper John Michell commented that if the diameter of a sphere was less
than 497 times that of the Sun, light would escape but at a very much reduced velocity.
In modern parlance, Michell’s diagram (Figure 10) is a graph of the gravitational force,
F = GMm/r 2 between the falling body of mass, m, and the central attracting body of mass,
M, as a function of the distance, r, from the central body. The area is the work done by the
gravitational force, and is equal to the gain in kinetic energy of the mass, m. For an initiallystationary mass, m, free-falling from an infinite height, the work done (area AdrB) is GMm/r
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and the acquired velocity is given by v2 = 2GM/r. At the surface of M, the area ADRB is
GMm/R, the same as the rectangle RDC. If the central body is a sphere of density, ρ, then
F = kρmR3/r2, where k =4πG/3, and the velocity of the falling body is v2 = 2kρR3/r, that is, v2
is proportional to ρ at a fixed distance r. At the surface of M this becomes v2 = 2kρR2, and
will be the same at the surfaces of different central bodies if ρR2 is constant, that is, the
density must be inversely proportional to CD2.
Although Michell’s analysis seemed logical at the time we now know that the path of the
comet was either an elliptical orbit around the Sun or an open orbit from which it may not
return. It did not come from infinity nor did it reach the surface of the Sun. However, these
facts would have made little difference to Michell’s result.
2.1.4 John Michell’s Perturbations
Then, with respect to the search for ‘dark matter’, Michell made another astounding insight
in clause 29:
If there should really exist in nature any bodies, whose density is not less than that of the sun,
and whose diameters are more than 500 times the diameter of the sun, since their light could
not arrive at us; or if there should exist any other bodies of somewhat smaller size, which are
not naturally luminous; of the existence of bodies under either of their circumstances, we
could have no information from sight; yet, if any other luminous bodies should happen to
revolve about them we might still perhaps from the motions of these revolving bodies infer
the existence of the central ones with some degree of probability, as this might afford a clue
to some of the apparent irregularities of the revolving, which would not be easily explicable
of any other hypothesis; but as the consequences of such a supposition are very obvious, and
the consideration of them somewhat beside my present purpose, I shall not prosecute them
any farther. (Michell, 1784: 50).

Most of Michell’s analyses stated simply that the velocity of the light from the central
large body is diminished by the gravity of that body, whereas the velocity of light from the
smaller satellite rotating around it will be diminished less because of the lesser gravity. The
difference could be used to calculate the distance to the bodies. Michell further suggested
that by using prisms it would be possible to enlarge the difference proportionally to make
the calculations more accurate.
He noted that it was difficult to determine the distances of individual stars and groups
that are at very large distances, except when these groups included double and triple stars to
which the above analysis could be applied. Michell (1784) suggested that it would be many
years, even decades before new double and triple stars would be found in sufficient
numbers to test his theory. Since the revolution of the some secondary stars about their
central stars takes many years, Michell expressed the hope that relevant observations will
be made of double and multiple stars by future generations of astronomers.
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These concepts later became the basis of some of Zwicky’s analysis of missing mass in
the 1930’s and later in the concepts of MACHO towards the end of the 20 th century. But the
late nineteenth and early twentieth century astronomers and astrophysicists were unaware
of Michell’s paper, and their initial interest was in measuring the size and mass of our
Galaxy.
It is also interesting to note that Michell’s method is now widely used by contemporary
astronomers to search for black holes. The X-ray sources Cygnus X-1, LMC X-3 and V404
Cygni were identified as stellar remnant black holes through observations of their optical
binary companions, and the evidence for a 4 × 106 M super-massive black hole at the
centre of our Galaxy comes from the analysis of short-period stellar orbits about Sagittarius
A* (see Reid, 2009).
Finally, it is important to note that Michell’s reference to what we now call a ‘black
hole’ was merely a by-product of his 1784 paper and not the main focus of that paper. The
paragraph containing the description of the ‘black hole’ developed out of his theory about
the distances to and relative sizes of double stars, although it is worth pointing out that
Mitchell (1784: 50) also describes the perturbations of stars by “… bodies of a somewhat
smaller size, which are not naturally luminous …”
2.1.5 William Herschel’s Milky Way and Universe
In June 1784 William Herschel presented a paper to the Royal Society titled “On the
construction of the heavens”, in which he claimed that with his new telescope he could
show distinctively a star 497 times the distance of Sirius, enabling him to reach the utmost
confines of the Milky Way. (Co-incidentally, this is the same figure that Michell used for
the size of the ‘black hole’).
In the course of his career Herschel built more than four hundred telescopes
(Answers.com). The most famous of these was a reflecting telescope with a 126 cm
diameter primary mirror and 12 meter focal length. Based on the observations that he made
with his new telescope, Herschel made the following comment:
We inhabit the planet of a star belonging to a compound nebula of the third form. It is true
that it would not be consistent confidently to affirm that we had actually found ourselves
everywhere bound by the ocean, and therefore I shall go no farther than the gages (gauges)
will authorise, but considering the little depth of the stratum in all those parts which have
been actually gauged, to which must be added all the intermediate parts that have been
viewed and found to be much like the rest, there is but little room to expect a connection
between our nebula and any of the neighbouring ones. (Lubbock, 1933:194).
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2.2 Pierre-Simon Laplace
Pierre-Simon Laplace (Figure 11) is considered one of France’s greatest scientists (see
Gillispie, 1997; Hahn, 2005). He was born in lower Normandy on 23 March 1749 (see
Figure 7), and his father was a syndic of the parish. He began his education at the college at
Beaumont-en-Auge, where his uncle taught, remaining there until he reached the age of
sixteen. From this college students usually proceeded into the army or an ecclesiastical
vocation, but instead, in 1766 Laplace moved to the University of Caen, matriculating in
the Faculty of Arts after just two years.
However, during these years he discovered that he possessed mathematical gifts, so he
abandoned his theological studies and in 1768 he moved to Paris. There he came under the
watchful eye of Jean le Rond d’Alembert (1717–1783), a leading scientist in the French
Academy, who obtained for him the appointment of Professor of Mathematics at the École
Militaire. He taught there from 1769 to 1776, and during this interval he presented thirteen
papers on mathematics and the theory of probability to win election to the Academy of
Sciences. One of the papers was “The Newtonian theory of the motion of planets” (my
English translation), which Laplace translated into Latin. He was elected to the Academy in
1773.
This was the era of the French Revolution (1789-1799), a period of political and social
upheaval throughout France as it moved from an absolute monarchy with feudal privileges
for the aristocracy and Catholic clergy to a form based on ‘Enlightenment principles of
nationalism, citizenship, and inalienable rights’.
During these difficult years Laplace had remained at the Academy and, with the fall of
Robespierre and the Jacobin regime in 1794, a dramatic change occurred in the education
systems which led to the institutionalization of modern French society. Various institutions
of science emerged, including the Institut de France (see Figure 12), but some of these fell
by the wayside to re-emerge at a later stage. In 1795 Laplace was elected Vice President of
the Institut, becoming President a year later (Suzuki, 2007).
He did not give the lectures required by this position but instead referred the auditors of
his performance as President to a book he was preparing, Exposition du Système du Monde,
which appeared in two volumes in 1796. In the sixth chapter Laplace introduced
speculation on the origin of the Solar System and the nature of the Universe.
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Figure 11: Painting of Pierre-Simon Laplace, 1749–1827
(after Encyclopaedia of Earth, 2006).

The Sun lies in the centre of the Solar System and spins on its axis every twenty-five
and half days. Its surface is covered with ‘oceans’ of luminous matter spotted with dark
patches. The atmosphere above this extends beyond recognition. Around the Sun spin the
seven planets in almost circular orbits. However Laplace did not consider comets as part of
the Solar System as they travelled in highly eccentric orbits. They moved into the Sun’s
domain but then moved far beyond the planetary sphere.
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Figure 12: Painting of the Institut de France in Paris, where Laplace was Vice President
when he wrote the first edition of his Exposition du Système du Monde
(after sanmartin-artscrafts.com).

In his description of the Solar System, Laplace (1796: 305) made another conjecture:
The gravitation attraction of a star with a diameter 250 times that of the Sun and comparable
in density to the earth would be so great no light could escape from its surface. The largest
bodies in the universe may thus be invisible by reason of their magnitude.

Laplace stated this possibility in a merely qualitative way, almost in passing, without
providing any mathematical proof.
There have been ten different editions of Laplace’s Exposition du Système du Monde.
The ‘statement without proof’ comes before the end of Book 5, in Chapter 6, in the first
edition, although Laplace removed the specific statement from later additions. The
publication was in two volumes made up of five ‘books’, which were really large divisions
made up of different subjects and then broken into chapters. The gravitational attraction of
a large star, from which light could not escape, was probably not of real interest to him and
was a little out of place in his discussion of the Solar System in Book 5.
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2.2.1 Pierre-Simon Laplace’s Proof
Laplace only proceeded to supply a mathematical proof of the statement in his Exposition
du Système du Monde when specifically requested to do so by the German astronomer and
editor F.X. von Zach. This was subsequently published in the form of an essay in the
German journal, Allgemeine Geographische Ephemeriden (Laplace, 1799), and more
recently has been reprinted by Brosche (1998: 98-102). There is also an English translation
in Hawking and Ellis (1973: 365-368, as Appendix A). Note that Laplace’s 1799 essay was
not published in any of Laplace’s own books.
The essentials of the proof are outlined here:
(1) For non-uniform motion, the velocity, v, over the time interval dt is given by:

v

dr
dt

where dr is the distance travelled.

(2) A continuously-working force will strive to change the velocity. This change in the
velocity, namely dv, is therefore the most natural measure of force. But as any force will
produce the effect in double the time, so we must divide the change in velocity, dv, by the
time, dt, in which it is brought about by the force P, namely:

P

dv d  dr  d 2 r
  
dt dt  dt  dt2

(3) The attractive force between a body, M, and a particle of light at a distance, r, is
proportional to –M/r 2 (where P and M, as used here, are respectively the force per unit
mass and the mass of thee body multiplied by the Newtonian constant, G). The negative
sign is used because the action of M is opposite to the motion of the light.
(4) Equating P with  M r 2 and integrating gives:
v 2 = 2C + 2Mr–1
where v is the velocity of the light particle at the distance r.

(5) To determine the constant C, let R be the radius of the attracting body, and a the
velocity of the light at the distance R. Hence on the surface of the attracting body one
obtains:
2C = a 2 – 2M/R

so that:
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v2 = a2 –

2M 2M

R
r

(6) Let R’ be the radius of another attracting body with attractive power iM. The velocity of
light at a distance r will be v’, where:
v’ 2 = a 2 –

2iM 2iM

R'
r

(7) As the distance of the fixed stars is so large, one can make r infinitely large, and one
obtains:
v’2 = a2 –

2iM
R'

(8) Let the attractive power of the second body be so large that light cannot escape from it;
this can be expressed analytically as the velocity v’ = 0 at an infinitely large distance. This
gives:
a2 =

2iM
R'

(9) To determine a, let the first attracting body be the Sun; then a is the velocity of the
Sun’s light on the surface of the Sun. The gravitational force at the surface of the Sun is so
small that its effect on the velocity of light leaving that surface can be neglected in the
context of this discussion.

(10) Laplace (1796) uses his assumption made on page 305 in his Exposition du Système du
Monde (Part II), that R’ = 250R. Since the mass changes as the volume of the attracting
body multiplied by its density and therefore as the cube of the radius, if the density of the
Sun = 1 and that of the second body =  , then:
M : iM = 1R3 :  R '3  1R3 :  2503 R3

or

i =  250  
3

(11) Substitution of the values of i and R’ in Equation (8) gives
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a2 R
2  250 M
2

for the density of the body from which light cannot escape.
(12) To obtain  , one must still determine M. The force of the Sun is equal at a distance D
to M/D2. If D is the average distance of the Earth and V the average velocity of the Earth,
then this force is also equal to V2/D (Lalande, 1792(3): 3539. Hence
M/D2 = V 2/D

or
M = V 2D

(13) Substituting this in the Equation (11) gives
2

a R
 =
  
2 
1000   V   D 
8

(14)

Figure 13: (left): Diagram of Laplace’s proof: velocity of light/velocity of the Earth.
Figure 14: (right): Diagram of Laplace’s proof: absolute radius of the Sun/average distance
of Earth.

From the phenomena of aberration it appears that the Earth travels 20.25″ in its path
while light travels from the Sun to the Earth (see Figure 13). Referring to this figure, the
ratio a/V, the velocity of light divided by the velocity of the Earth, is given by:
a/V = 1/tan 20.25″
and from Figure 14 R/D = absolute radius of the Sun/average distance of the Sun = tan
(average apparent radius of the Sun) = tan 16'2" .

Hence the required density is given by:
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(15)



8

1000 

2

tan .16 ' 2"
tan 2  20.25

Thus  is approximately 4, or about that of the Earth (Laplace, 1799).
It is interesting to reflect on the similarity of the lives of Michell and Laplace. Both of
their fathers were ministers of religion. They both studied theology with the view to
entering the church but their interests became more directed towards mathematics,
particularly the laws of probability. Indeed, it was the probability that non-luminous bodies
should exist that led both of them independently to the concept of a ‘black hole’. Michell
and Laplace had unique conceptual minds, but it is important to realise that the nonluminous bodies postulated by Laplace were much larger than those suggested by Michell.
The Laplacian body had a radius of 250R, a density four times that of the Sun, and
consequently a mass of 4 × (250) 3 M, about 105 times the 500 M body considered by
Michell.
It is also important to note that Laplace’s proof was not a continuation of Michell’s
concept of non-luminous matter. Laplace followed up Michell’s work twelve years later
and independently proposed the existence of ‘black holes’, then three years on he provided
the mathematic proof of these. However, this would appear to be a remarkable coincidence
as there was little scientific contact between England and France during this extremely
troubled time in French history. Thorne (1994), amongst others, has suggested otherwise:
that upon hearing of Michell’s theory that gravity could prevent light escaping from a star,
Laplace immediately proceeded to provide the mathematical proof. Furthermore, Thorne
(ibid.) has stated that the reason that Laplace did not include the proof in the original
edition of his Exposition du Système du Monde and excluded it from subsequent editions
was that he did not believe in the existence of ‘black holes’.
The first of these claims is not substantiated by Laplace’s biographer, Charles Coulston
Gillispie (1997) or by Laplace’s 1799 paper. The latter paper leaves no doubt that it was
von Zach who requested that Laplace provide the mathematical proof to the simple
statement made in his 1796 book. Without doubt Laplace believed in his mathematical
proof (otherwise he would never have published it), but he showed no further interest in the
‘black hole’ concept as it lay outside the scope of his books (e.g. see Laplace 1799).
Finally, upon reviewing the Montgomery et al. 2009 paper, Emeritus Professor David
Hughes made the following pertinent comment:
It is interesting that Michell and Laplace both ‘backed the wrong horse’ when it came to
predicting what stellar black holes might be like. Looking at the formula for the escape velocity
one can see that one can have a black hole if you have a star of solar density that is very large.
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Or you can have a black hole if you have a star that is a bit more massive than the Sun but has a
very small size and thus a very high density.
Both Michell and Laplace went for the ‘big star’ option. But this was wrong. The black
holes that have been found are all very small size and very high density.
Why did they get it wrong? Maybe it was just down to the physics of the day. The most
dense material at the time was gold and having substances much more dense than this was
probably thought to be impossible. When it came to stellar size they had only one point on their
graph, the diameter of the Sun. No other stellar sizes were known. They thought that there
might be stars bigger than the Sun but seemed reluctant to consider the possibility that there
might be much smaller ones. Let’s face it; the physics of white dwarfs must have been
surprising in the late 19th century, just as the physics of black holes is today.

2.3 Friedrich W. Bessel and John F.W. Herschel
No further progress happened in the realisation that theoretically ‘dark matter’ might exist
until around the 1840-1850 period when the first ‘perturbation’ observations were made by
F.W. Bessel in 1845.
Friedrich Wilhelm Bessel (Figure 16) was born in Minden-Ravnsberg, Germany (see
Figure15, page 64), in 1784, and at the age of 14 was apprenticed to the import-export firm
of Kulenkamp, quickly becoming the firm’s accountant.

Figure 15 Location of Minden- Ravnsberg, Germany in 1806.
(after Minden-Ravnsberg – Lage_1806.png.- Windows Live Photo Gallery)
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Figure 16: An 1839 painting of Fredrich W. Bessel 1784-1846
(after Wikipedia.commons.org)
The company’s activities on cargo ships led him to turn his mathematical skills to
problems in navigation, which in turn led to an interest in astronomy as a means of
determining longitude. His work drew the attention of leading German astronomers and he
was appointed an Assistant at the Lilienthal Observatory near Bremen, where he produced
precise positions for some 3,222 stars. At the age of 26 Bessel was appointed Director of
the Königsberg Observatory (Figure 17) by King Frederick William III of Prussia. During
his time at this Observatory he recorded the position of over 50,000 stars (Frommert, 2007).
Bessel was best remembered for being the first to use parallax in calculating the distance
to a star (Frommert, 2007), as previously proposed by Michell and Herschel.
In 1845, Bessel published a paper in Astronomische Nachrichten on variations in the
proper motions of Procyon and Sirius, which was communicated by John Herschel (1792–
1871; Figure 18), the son of William Herschel. In this same year John Herschel (1845)
noted that observations of the position of these two stars had been carried out and recorded
since 1755 and, with the improvements in instruments, had been corrected.
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However, with the correction of clock time in about 1834, suspicions arose about the
constancy of their proper motion.
From the years 1755 to 1825 the observations did not show any variation in their proper
motions, but thereafter, when compared with stars in two major nearby constellations,
Orion and Canis Minor, the errors from their proper positions started to increase. It became
obvious that the stars were not following their original proper motions. Bessel (1845)
investigated these changes and suggested they could be explained by “... means of a force
of gravity.” He calculated the errors and after analysing all the possible causes concluded
that, if the errors could not be proven to be independent of gravitation, then the stars must
be part of a smaller system. Bessel then commented to Herschel as follows:
If we were to regard Sirius and Procyon as double stars, the change of their motions would
not surprise us; we should acknowledge them as necessary, and have only to investigate their
amount by observation. But light has no real property of mass. The existence of numberless
visible stars can prove nothing against the existence of numberless invisible ones
(Herschel, 1845: 141; his italics).

Bessel thus verified Michell’s astounding insight in his Clause 29, which was
proclaimed in 1784, the very same year that Bessel was born!

Figure 17: The Königsberg Observatory, where Bessel was appointed
Director at the age of 26 (after en.wikipedia.org).
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Figure 18: A painting of Sir John Herschel by Edward Alfred Chalon
(after en.wikipedia.com).

2.4 John C. Adams and Urbain Le Verrier
It was at this point in time that the observational astronomers acknowledged the
contributions being made by the theoretical scientists. This was the first application of
mathematical calculations to predetermine the position of an unobserved object, which is
now known as Neptune. The German astronomer Johann Gaile used the calculations of Le
Verrier to observe the planet. Le Verrier calculated a position within 1 degree Adams
prediction was not as accurate being 12 degrees from the eventual position. (Space.com).
Parallel to the discussion by Frederich Bessel, J.C. Adams presented a paper to the
Royal Astronomical Society entitled “An explanation of the observed irregularities in the
motion of Uranus, on the hypothesis of disturbances caused by a more distant planet; with a
determination of the mass, orbit and position of the disturbing body” (Adams, 1846).
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John Couch Adams (Figure 19) was born on 5 June 1819 at Lidcot, a farm near
Launceston, Cornwall (see Figure 1, page 37) the eldest son of a poor tenant farmer. His
mother had inherited her uncle’s library including some books on astronomy, which
interested John Adams during his boyhood.
After his early years at a nearby school in Laneast where he learnt Greek and algebra,
Adams moved to a private school at Devonport. There he learnt classics and taught himself
mathematics, but his main interest was astronomy. Using a small inheritance from his
mother, he entered St John’s College, Cambridge (Figure 20), in 1839. He won first prize in
Greek testament every year and in 1843 was elected a fellow of his College.

Figure 19: Painting of John C. Adams, 1819–1892 (after Hutchins, 2004).

By the 1820s it was known that the planet Uranus was not following the orbit predicted
for it in 1781. Adams, rejecting several hypotheses because they could not be confirmed
by exact calculations, realised the amount of observed deviation could not be caused by
the masses of Jupiter and Saturn on their own, unless Newton’s law of gravity was wrong.
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that there had to be an unknown planet beyond Uranus (Hutchins, 2004).

Figure 20; St John’s College, Cambridge (after suchanek.name).

Adams in his strong belief that a further planet was the cause of the irregularities of the
motion of Uranus, set about calculating the size and position of such a planet. Although
other astronomers were trying to resolve the cause of the regularities from observations
taken over many years, Adams obtained their latest results from the Greenwich
observations of Uranus, when the discrepancies were the largest. From these figures Adams
(1846) deduced the position of the unseen planet, Neptune.
Unfortunately for Adams, a French astronomer Urbain J.J. Le Verrier (Figure 21)
presented his complete investigation of the irregularities to the Royal Academy of Sciences
in Paris in November 1845, before Adams could publish his findings.
Urbain Jean Joseph Le Verrier was born in Saint-Lô, France (see Figure 7), and received
his schooling at the École Polytechnique. He commenced his studies in chemistry but soon
switched to astronomy, specialising in celestial mechanics. He then accepted a position at
the Paris Observatory (Figure 22) where he remained for most of his working life,
eventually becoming the Director. He died in 1877 in Paris.
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Figure 21: Painting of Urbain J.J. Le Verrier, 1811–1877
(after en.wikipedia.org/wiki/Urbain_Le_Verrier).

Based on Le Verrier’s findings the planet was soon detected by J.G. Galle and
H. Ludwigon in September 1846. Eventually the credit for the discovery of the new
planet, Neptune, was given to both Adams and Le Verrier
(e.g. see Kollerstrom, 2006a; 2006b).
An interesting paper was read by G.B. Airy (1801–1892; Figure 23), the Astronomer
Royal, on 13 November, 1846 releasing for publication an exchange of letters between
himself, T.J. Hussey (1792–c.1854), M. Eugene Bouvard, James Challis (1803–1882), J.C.
Adams, U.J.J. Le Verrier and R. Main (1808–1878) whereby Airy justified why he gave
more precedence to actual observations than to theoretical analysis. Without going into
detail of the contents of these letters, Airy’s conclusion should be noted:
The history of this discovery shows that, in certain cases, it is advantageous for the progress of
science that the publication of theories, when so far matured as to leave no doubt of their
general accuracy, should not be delayed till they are worked to the highest imaginable
perfection. It appears to be quite within the probability that publication of the elements obtained
in October 1845 might have led to the discovery of the planet in November 1845.
(Airy, 1846:414; c.f. Chapman, 1988).
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Figure 22: Paris Observatory, where Le Verrier was Director (courtesy: Wayne Orchiston).

2.5 Summary and Comment
In his 1767 paper John Michell commented on other systems existing at great distances
beyond our Solar System and our part of the Universe. In addition to identifying nonluminous bodies and determining the existence of ‘dark matter’, the question of ‘missing
mass’ must be answered and that could not be determined without knowing of the size of the
systems. The answer to this question commenced with Michell’s research into parallax.
Both Michell and Pierre-Simon Laplace independently opened a discussion on the concept
of non-luminous bodies which eventually became known as part of ‘dark matter’. Michell
must be given the credit for being the first to conceive of this concept, based on the theory of
probability that in a binary relationship one of the components may be non-luminous.
He used an unusual geometric proof based in the form of a hyperbola depicting the force
applied to a body, falling from infinity, as it approached another body. It was depicted by the
proportioning of areas of rectangles to obtain the square of the velocity of the body at
different distances from the object.
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Figure 23: Britain’s Astronomer Royal, Sir George Biddell Airy,
1801 -1882 (after Daily Graphic, 6 January 1892).

Michell then related this to the speed of a comet which he considered came from infinity.
He compared this to the speed of light which he took as 10,310 times the speed of the Earth
in its orbit, to arrive at a figure of 497 which was the number of times the velocity of light
exceeded the velocity a body would acquire falling from infinity towards the surface of the
Sun. That is, an object which has a diameter 497 times that of the Sun and with the same
density of the Sun would not emit light. It could be considered that the calculated figure of
497 was contrived, as this is the same figure used by William Herschel in 1784 in his paper
“On the construction of the heavens”, which relates the distance to the utmost confines of the
Milky Way being 497 times the distance to Sirius. Was the concept of approximately 497
times the observed object, the largest size that was possible to mentally consider in that era?
There is no evidence that Laplace had heard of the Michell’s concept when he set down
his own theory of a non-luminous body. He included his theory in the sixth book of his
Exposition du Système du Monde where he discussed the origin of the Solar System and the
nature of the Universe. He did not include a proof and actually only commented on the
possibility of such a non-luminous object in a somewhat ‘off-handed manner’.
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Laplace only published the mathematical proof later, in 1799, at the request of the Editor
of the European technical journal Allgemeine Geographische Ephemeriden.
Thus, Michell and Laplace established the initial concept of ‘dark matter’ as being
associated with a massive body so large that light, considered to be corpuscular, could not
escape the gravitational force of that body. The body would have to be at least 497 times the
size of the Sun with a similar density or the same size as the Sun with the same density as the
Earth. Neither of these scientists had any knowledge of what we know of today as a ‘black
hole’. This is a modern connotation placed on their proposed non-luminous bodies.
No consideration was given to very small high-density bodies which are included in ‘dark
matter’ today, as Michell and Laplace only thought of stars as being of similar sizes to our
Sun.
The first change in this perception of non-luminous bodies (‘dark matter’) occurred in
1845 when Friedrich W. Bessel and John F.W Herschel published papers where they
discussed the changes in the proper motions of Sirius and Procyon, which had been
continuously observed for over seventy years. Bessel also suggested that there may be more
non-luminous bodies in the cosmos than there are visible ones.
This perception was subsequently reinforced by John C. Adams and Urbain J.J. Le Verrier,
who, working separately, predicted the existence of an additional ‘unseen’ planet in our Solar
System on the basis of the changes in the motion of a known planet. Thus the concept of
‘dark matter’ initially was only known to include non-luminous bodies, such as a dark star or
planet, whose presence was revealed by its effect on a nearby luminous body.

_________________________________________
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CHAPTER 3: THE MYSTERY OF THE
‘DARK NEBULAE’
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3. THE MYSTERY OF THE ‘DARK NEBULAE’
This is a rather short chapter which is introduced in parallel to the main stream of discussion
on binaries and the effect of gravity. But its important purpose is to note the introduction of
the existence of ‘dark matter’ in the form of dark nebulae very early in the twentieth century
by Edward E. Barnard.
Barnard recorded the perturbing effect of the ‘dark stars’ on the motion of bright stars, so
evidence of the existence of ‘dark matter’ was increasing. This work had moved away from
observing the proper motions of astronomical bodies to direct observations of ‘dark patches’
in the sky.
Barnard’s work created a great deal of interest and was quickly followed by papers by
Heber D. Curtis on dark nebulae and Anton Pannekoek analysing the distance to the dark
nebulae in Taurus. Barnard’s photographs prompted comments from Elliott Smith who noted
the ‘dark patches’ while producing his catalogue of 4683 stars. Smith also noted the existence
of a ring of ‘dark occulting matter’ in most spirals nebulae. Elliott Smith must be given the
credit for being the first person to identify non-luminous matter as ‘dark matter’.
Comments on the ‘dark patches’ in the sky were also made by D.W. Morehouse, Robert
Trumpler and Boris P. Gerasimovich, all of whom made different suggestions as to what the
‘dark patches’ may be.
3.1 Edward E. Barnard’s ‘Dark Patches’
Very little was recorded about the subject of ‘dark matter’ for another fifty years after the
1845 papers published by William Herschel and Fredrich Bessel, and the topic was only
reintroduced by Edward E. Barnard when he took a specific interest in ‘dark patches’ in the
sky.
Edward Emerson Barnard (Figure 24) was born in Nashville, USA (see Figure 25 on
page 77 for American localities mentioned in this thesis), in 1857 to a very poor family three
months after his father died. His early education was to learn to read from the Bible. After
only two months at a local school, he was forced to leave so he could get a job at the very
early age of nine years, to help support his family. The job was to keep a huge solar camera
pointed at the Sun, at a Nashville photographer’s studio, as a light source for making large
prints. This activity taught him the daily motions of the Sun and the changes in the seasons
due to the Earth’s orbital motion. He became involved in photographic work, becoming an
expert in photographic techniques. Yet attempts to self improve his basic education failed
(see Osterbrock, 2004).
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Figure 24: Edward E. Barnard, 1857−1923
(after Osterbrock,2004).

When he turned eighteen Barnard was given a book by the Reverend Thomas Dick
(1774–1857), a writer of sermons and popular articles on astronomy, which triggered his
interest in astronomy. His first telescope was made by a friend, and he used it to observe
some of the planets and features on the Moon.
In 1877 Barnard spent most of his annual salary to purchase a 5-inch refracting telescope
and he began doing serious astronomical observations on his own. He managed to meet
Simon Newcomb (1835–1909), the leading astronomer at that time, who advised him to try
and discover comets with his telescope, and at this he proved very successful. He discovered
a new comet in 1881 (Figure 26) for which he received a prize of $200. After getting married
he discovered several more comets which helped pay off the mortgage on his new house. He
reported these discoveries in astronomical journals which resulted in his being given a
fellowship by the Vanderbilt University and made an Assistant at their observatory (ibid.; see
Figure 27), where he had access to a 6-inch refracting telescope.
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Figure 25: Map showing U.S.A. locations mentioned in this thesis.
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Figure 26: Photograph of Comet C/1881S1 (Barnard)
(after stegen.k12.mo.us).

As his work became better known, Barnard was offered a position on the staff of the Lick
Observatory, which at the time had a new 36 inch refractor (Figure 28). Using their existing
12 inch telescope (Figure 29), he discovered two more comets, and noticed that some comets
seemed to pass in front of ‘dark patches’ in the sky. He wrote several papers for the American
Astronomical Society in the early part of the 20th century, about illuminated and dark
nebulae, although he sometimes referred to ‘dark spots’ without clarifying what they actually
were (Osterbrock, 2004). In a paper to the Astronomical and Physical Society written in
December 1904 Barnard tried to highlight the differences between dark nebulae and other
‘dark spaces’ or ‘holes’ amongst the stars and nebulae.
He expressed his disagreement with other astronomers who suggested that a particular
hole was an opaque mass of some sort as the hole was so clearly defined (Barnard, 1905).
This position was supported by H.D. Curtis (1918).
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Figure 27: The Vanderbilt University Observatory (after library.vanderbilt.edu).

3.2 Heber D. Curtis and Edward E. Barnard
In 1918 H.D. Curtis (Figure 30) entered the discussion on dark nebulae when a paper of his
appeared in the Publications of the Astronomical Society of the Pacific.
Heber Doust Curtis (1872–1942) was born the son of a Union army veteran who was a
school teacher; editor and custom official in Muskegon, Michigan (see Figure 21, page 65).
The family moved to Detroit when he was seven years old and Curtis later went to the local
high school, where he received a classical education. He was not interested in science, but
showed an aptitude for mathematics. He entered the University of Michigan and in four
years earned an A.B. and an M.A. in classical languages (Osterbrock, 2004).
After graduation Curtis taught languages back at his old high school in Detroit for only
six months before he was offered a position in 1894 as Professor of Latin and Greek at
Napa College near San Francisco. The College had a small refracting telescope and finally
Curtis developed an interested in astronomy. Because of a merger of the College he was
moved to San Jose and made a switch in careers to become Professor of Mathematics and
Astronomy.
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Figure 28: E.E. Barnard posing beside the 36-inch refractor at the Lick
Observatory (after optcorp.com).

In 1897 he spent his summer vacation at the nearby Lick Observatory (Figure 31) as
special student and voluntary assistant. In 1900 he joined the Lick expedition, under
research astronomer W. Wallace Campbell, to Thomaston, Georgia, to observe the total
solar eclipse (see Figure 32). During this event successful photographic and spectroscopic
observations were made of prominences and the corona (see Pearson et al., 2011), and
Curtis made such an impression on Campbell through his efficiency in setting up the
equipment that Campbell encouraged him to return to university and earn a Ph.D. in
astronomy. Curtis did this, and upon graduating in 1902 Campbell immediately hired him
for the staff at Lick Observatory, where he stayed for 18 years, which were the most
productive of his career. His pioneering photographic survey of planetary nebulae
established that many of them have structures with axial rather than spherical symmetry.
(Osterbrock, 2004, Pp.2).
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Figure 29: The 12-inch refractor at the Lick Observatory that was used by Barnard for his research on
‘dark patches’ (after loen.ucolick.org).

From these photographs taken between 1911 and 1917, he determined that the dark
markings on the edge of these objects were the result of obscuring material within our
Galaxy, which at that time was known as ‘interstellar dust’. Curtis saw the similarity
between our Galaxy and edge-on spiral nebulae, and he concluded that all spiral nebulae
were star systems (Osterbrock, 2004).
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Figure 30: Heber D. Curtis, 1872−1942 (after http//antwrp.
gsfc.nasa.gov/diamond_jubilee/ debate20.html).

In his 1918 paper on “Dark nebulae” in the Publications of the Astronomical Society of
the Pacific, Curtis expressed the view that he could not believe that there were ‘holes’ in
the nebulae because their edges were so clear-cut. In his opinion, it was reasonable to
suppose “... that these are masses of ‘dark matter’, ‘dark nebulae’ interposed on a
background of a greater bright nebulosity.” (Curtis,1918: 67).
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Figure 31: Lick Observatory, Mt Hamilton, around the time Curtis was employed there
(after ebay.com).

Figure 32: The 1900 Lick Observatory eclipse camp at Thomaston
(after Campbell and Perrine, 1900: 175).

83

DARK MATTER from MICHELL to MACHOS
Barnard further discussed the differences between bright and dark nebulae in a paper
published in the Astrophysical Journal in January 1916. He recorded an interesting
observation:
Some of the dark stars make their presence known by their perturbing effect on the motions
of bright stars and by eclipsing of their light. Their existence would otherwise be unknown,
for their angular dimensions are too small for them to be seen in relief against any luminous
background. (Barnard, 1916:2).

He specifically excluded these objects from his discussion on bright and dark nebulae,
and did not refer to them as ‘dark matter’. He clarified this exclusion by commenting that
non- luminous nebulae do not disturb the local bodies, and even if they are opaque they are
so large that they can be seen against any luminous background. By this comment it can be
concluded that he considered that the local ‘bodies’ were within the nebulae.

3.3 Anton Pannekoek
In two papers, (read by Jacobus C. Kapteyn) to the Royal Academy of Science of
Amsterdam, one in September and the other of October 1920, Anton Pannekoek analysed
the distance to the dark nebulae in Taurus.
Anton Pannekoek (Figure 33) was born in Vaasen, the Netherlands (see Figure 7,
page 45), early in 1873 and developed an interest in astronomy at a very early age
(see Waelkens, 2007). In 1891, as an amateur astronomer, he detected the brightness
variations of Polaris (Alpha Ursa Minoris), being the first to determine its approximate
periodicity. However, he waited until 1913 to suggest the Cepheid nature of the star, by
which time photographic and photometric data on the star had become available.
In developing a light curve for ß Lyrae, Pannekoek began a lifetime of visual and
photographic observations of our Galaxy. In 1902 he completed his Ph.D. at Leiden
University with a thesis on the eclipsing system Algol (ß Persei), and he stayed on as a staff
member until 1906.
Pannekoek started his successful career as an astronomer in 1906 when he observed that
apparently-bright red stars were of different luminosities. These became known as red
giants and red dwarfs, based on the significant differences between the parallaxes and the
proper motions of the two groups of stars. From 1906 to 1914 he became a teacher in
Berlin but was deported at the end of this period because of his political activities.
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Figure 33: Anton Pannekoek, 1873−1960
(after.http://www.spartacus.schoolnet.co.uk/GERpannekoek.htm).

He returned to astronomy in 1915 and continued his studies of our Galaxy until he was
dismissed by the German occupation forces in 1942 (Waelkens, 2007). He died in
Wageningen, The Netherlands in 1960, and today is probably best known for his
authoritative text book on astronomical history that was published in Holland in 1951 and
subsequently was translated into English. A History of Astronomy runs to 524 pages, and
was first published by George Allen & Unwin (London) in 1961.
Pannekoek’s first paper was based on the work carried out by Barnard, Dyson and
Melotte (1919) describing the ‘dark patches’ in the sky. Pannekoek carried out a
mathematical analysis of the number of stars that should appear in various areas of the sky
and the effect of the absorption of light by nebulae. He also included the effect of this light
absorption on stars of various magnitudes, pointing out that it greatly affected stars of faint
magnitudes but had little effect on stars, as shown on Dyson and Melotte Charts
1881-1917, with magnitudes brighter than 6.5. The determination of the distance of
absorbing nebulae therefore depended on the bright stars.
Pannekoek (1920a) concluded with the result that the nebulae in Taurus lay at a radius
of 140 parsecs, behind the Hyades and at about four times the distance. He estimated the
approximate size of the strongly-absorbing region as about 20 × 7 parsecs.
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In his second paper Pannekoek examined the effect of the mass of the dark nebulae in
Taurus based on his previous calculations. Using Rayleigh’s formula for the absorption
coefficient and assuming the gas was hydrogen (as the smallest mass) he calculated that the
mass of the gas with an area of 150 square parsecs and 2 magnitudes absorption, will equal
4 × 109solar masses. Using the estimate made by Kapteyn of the density of the stars in the
vicinity of the Sun, Pannekoek determined the number of stars in a globe with a radius of
2600 parsecs and concluded:
If we take their average mass as equal to that of the sun, this one gas cloud, (one third
perhaps of all absorbing gas-clouds in that region) only 140 parsecs distant, contains as much
mass as all the stars within a globe extending 20 times further. Unless therefore this Tauruscloud is unique for size and density, we may safely conclude that in the fixed stars only a
small part of the world-substance is condensed. (Pannekoek, 1920b: 721).

Pannekoek commented on the effect of the mass of the Taurus gas clouds on the proper
motions within the Solar System and even its effect on the Earth’s motion.
There were voids apparent in Taurus, and he expressed the view that it was hardly
acceptable to make the assumption of protracted, tubular cavities, running in the direction
of the line of sight. Rather, where the stars do not extend along the line of sight but cluster
in actual clouds and other objects, the voids play an important part in the aspect of the
Galaxy.
However if these voids were explained through absorption, but without the enormous
mass, the scattering must be caused by particles smaller than hydrogen molecules, that is,
in the greater part by free electrons. This possibility could be resolved by investigating the
stars in the poor regions. For light of wavelength  absorption through scattering was
inversely proportional to  4 , making the stars behind the gas cloud appear strongly
reddened. Seares and Hubble had found that a number of nebulous stars were redder than
they should be according to their spectral type, confirming that their light was scattered and
dimmed by the nebula through which they shone.
Pannekoek (1920b) then made an estimate of the portion of stars of each magnitude
which lies behind the gas cloud, and assuming a distance of 160 parsecs determined the
percentages listed in Table 2.
Table 2: The estimated percentages of stars of different magnitudes in the Taurus gas clouds
(after Pannekoek, 1920b: 725).
Magnitude

5

6

7

8

9

10

11

12

Percentage

0.4

1

2

4

9

17

31

50

Therefore, it was only with stars fainter than the 12 th magnitude that the majority will
show reddening through absorption. The comparison of spectral type with such faint stars
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was difficult to achieve, and to determine the amount of their reddening with absolute
certainty was also difficult:
Professor De Sitter commented on the paper by suggesting that absorption of a mass
consisting of opaque particles surpasses so much the absorption of an equal mass of
scattering gas, that by assuming a dust-cloud instead of gas cloud, a moderate mass will
suffice to account for the observed extinction. In this case the absorption does not depend on
colour. If a reddening of stars is observed, indicating absorption through scattering, we may
still find a moderate mass, if the gas cloud is mixed with dust particles.
(Pannekoek, 1920b: 725-726).

Pannekoek made an attempt to give a crude estimate of the amount of dust in the dark
nebulae. This dust should be considered as a part of ‘dark matter’.

3.4 Elliott S. Smith
A further analysis of the Barnard’s photographs was carried out by Elliott Smith
(Figure 34) and presented at the American Association for the Advancement of Science
Symposium on “The Infinity of the Physical Universe”, which was held in Cincinnati on 28
December 1923. Later this paper was published in Popular Astronomy, in May 1924, with
the title “Occulting matter in space” (Smith, 1924).
Elliott Smith was born in Blue Earth Country, Minnesota (see Figure 25, page 77), in
1875 to Frank and Amanda Smith. He grew up on a farm and at the early age of 10 years
could plough a straight furrow. After graduating from high school at Fairmont he moved to
the University of Minnesota, where he studied astronomy as an assistant to F.P.
Leavenworth. He worked with Leavenworth on the meridian circle in 1907 while
undertaking post-graduate work at the University of Cincinnati, receiving his Ph.D. in 1910
( Obituary Notice by E.I.Yowell,1943) .
Smith remained at this University, eventually becoming the Professor of Astronomy,
being made the Director of the Observatory (Figure 35) in 1940. He died suddenly in 1943
when he was preparing his Catalogue of Stars. Most of his work was published in the
Publications of the Cincinnati Observatory. Smith independently published a booklet of 48
pages entitled Luminosity of Meteors and Comets as handout for distribution at the
observatory.
While he was at the Cincinnati Observatory Elliott Smith used the Mertz and Mahler
telescope shown in Figure 36, page 90, to produce a catalogue of 4683 stars for the epoch
1900. This catalogue was published in 1922, and was his main research interest (Personal
communication from E. Yowell, 2007).

87

DARK MATTER from MICHELL to MACHOS

Figure 34: Elliott Smith, 1875–1943 (after group photograph, AAS 38th
Meeting, Madison, 1927).

Smith’s 1924 paper, “Occulting matter in space”, evolved out of studies he made while
completing his star catalogue. He started with a description of comets and meteors which
should be taken into account when considering occulting matter, and he emphasised
Barnard’s comments that the stars were blotted out by the obscuring presence of nebulae.
However, Smith added to Barnard’s description of the ‘dark patches’ with the comment that
dark areas, with definite outlines, found in irregular nebulae such as the Trifid, were
probably due to ‘dark matter’ which obscured the view of the nebulae. The paper also
suggested the possibility of nebulae obscuring other nebulae further in the distance. Smith
(1924: 264) then suggested that, as there were similar dark lines and lanes in many of the
photographs of spiral galaxies, it could be concluded that there was a ring of
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“… dark occulting matter …” in most spiral galaxies. The importance of this paper is
that Elliott Smith was the first astronomer to identify non-luminous matter as ‘dark matter’.

Figure 35: Cincinnati Observatory, which Elliott Smith directed from 1940 until his sudden death in
1943 (after en.wikipedia.org).
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Figure 35: The Mertz and Mahler 11 inch refractor located at the Cincinnati
Observatory, Ohio, USA (after Popular Astronomy, XXX11 (5):268, 1924)

3.5 Daniel W. Morehouse
In February 1927, Daniel Walter Morehouse (Figure 37) published a short paper in Popular
Astronomy titled “A ring nebula (dark) in Cygnus” in which he described observations of a
dark nebula in the form [or shape] of a ring. Stars could be seen through the centre of the
ring. Morehouse (1927:67) commented “... that there does not seem to be an explanation of
such a peculiar structure.” At this time Morehouse (1876–1941) was Professor of
Astronomy and Physics at Drake University (Fox, 1941), and was well known for his
discovery of Comet C/1908 R1 (Morehouse) which featured a remarkable tail that
exhibited rapid variations in its structure. This behaviour “… upset some of the rather
smug theories formulated to account for the conventional changes of form [of comets’
tails].” (Fox, 1941:291). Morehouse’s 1927 paper in Popular Astronomy was his only
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publication on ‘dark nebulae’ and is mentioned here as it indicates that astronomers were
continuing to try and understand the existence and effects of ‘dark matter’ at this time.

Figure 37: Daniel Walter Morehouse, 1876- 1941 (news.drake.edu)

3.6 Edward E. Barnard’s Atlas of ‘Dark Patches’
Edward E. Barnard finally produced his atlas of dark patches in the sky, titled
“Photographic Atlas of Selected Regions of the Milky Way, (The Barnard Atlas)” although
this was published posthumously by E.B. Frost and M. Calvert in 1927, four years after
Barnard’s death. The Atlas is in two parts and is No. 247 in the Publications of the Carnegie
Institute of Washington.
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Part I comprises 51 photographic prints taken by Barnard, with each print annotated
with his description of the photograph. There is also a list of 349 dark objects, including
those previously published in the Astrophysical Journal.
Part II is a chart prepared by Calvert, which lists the co-ordinates of the various objects
of interest. Each part is printed in a separate book so that the location and description in
Part 11can be read while viewing the object in Part 1 (Frost and Calvert, 1927).
Thus Barnard added to our understanding of the concept of ‘dark matter’ by listing the
positions of dark nebulae in the sky.

3.7 Robert Trumpler
Robert Julius Trumpler (Figure 34 in Haramundanis, 2007) was born in Zurich, Switzerland
(see Figure 7, page 45), on 2 October 1886 and died in September 1956 in Berkley, USA (see
Figure 25, page 77).

Figure 38: Robert Julius Trumpler, 1886–1956 (after daviddarling.info).

After completing his local schooling he entered Zurich University, but later transferred to
the University of Gottingen, earning his Ph.D. in 1910. In 1915 he joined the University of
California and then moved on to the Allegheny Observatory followed by the Lick
Observatory (see Figure 31 on page 83).
In 1921 he became a naturalized citizen of the United States and was elected to National
Academy of Sciences in 1932. He is most noted for relating the brightness of more distant
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open clusters to interstellar dust scattered throughout the Galaxy, resulting in the absorption
(extinction) of light or the interstellar extinction of light.
While at the Lick Observatory he posed the question “Is interstellar space perfectly
transparent, or does light suffer an appreciable modification or loss of intensity when
passing through the enormous spaces which separate us from the more remote celestial
objects? … This is normally referred to as the absorption of light in space.”
(Trumpler, 1930: 214).
It is generally considered that this absorption may be by free atoms or molecules or it
could be scattered by such particles or even solid particles of an extremely small size. The
other possibility is large bodies, such as meteoroids. Whatever is the cause of the
absorption of light, it is related to the question of the existence, distribution and
constitution of ‘dark matter’ in the Universe, and the following observable phenomena
should be considered:
1. General Absorption: This is the loss of starlight between the star and the observer. This
would be noted if the apparent brightness decreased more rapidly than the inverse square of
its distance. General absorption would affect all photometric distance determinations based
on the comparison of absolute and apparent magnitudes.
2. Selective Absorption: When the loss of light is different for each colour, varying with
wavelength. This is observed by the change in apparent colour of the star caused by its
distance.
3. Monochromatic Absorption: Confirmed by the observation of inter-stellar absorption
lines in the stellar spectra, which are not produced in the star’s atmosphere but by atoms in
the space between the star and the observer.
4. Obscuration Effects: Believed to be dark nebulae which appear as “… well-defined
nearly starless patches in the middle of rich Milky Way star fields.”(Trumpler,1930: 215).
It is also believed that the dark division of the Milky Way between Scorpius and Cygnus is
caused by local obscuration or the absorption of light. This is supported by the fact that
there are only a few globular clusters or spiral nebulae visible near the Galactic Equator.
5. Dispersion of Light: The velocity of light varies with wavelength through different
medium materials. This could be verified by the light variation of a distant eclipsing binary,
which should not be observed simultaneously in all colours.
Based on observational data, Kienle (1923:216) concluded that “… there was no reliable
evidence of a measurable dispersion of light in interstellar space …”, and that it should not
be expected unless it is accompanied by a large absorption effect. It was generally accepted
that stars were uniformly-distributed throughout space. But this has now been rejected
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based on the evidence that the whole sky would have to be bright with starlight, which it is
not.
Based on previous studies, recorded in Lick Observatory Bulletin (14, 154, 1930),
Trumpler (1930) determined the distances to 100 open clusters by the magnitudes and
spectral types of their members. Based on the assumption that clusters with similar
constitution would have, on average, the same dimensions, it is possible to determine their
distances by a comparison of their angular diameters with the mean linear diameters of
their sub-classes.
A comparison between the diameter distances and the photometric distances is plotted in
Figure 39. The smaller dots represent clusters for which the distances are not confirmed,
and these were given half the weight. The asterisks show the groups’ means formed when
the clusters are arranged in accordance with their photometric distances; the crosses
indicate similar group means by recording the clusters in accordance with their diameter
distances. If there was no absorption of light the two distance scales would follow a straight
line which

divides the angle of the co-ordinate axes.

Figure 39: Comparison of the distances of one hundred open star clusters determined from apparent
magnitudes and spectral types with those determined from angular diameters. The larger dots refer
to clusters with well-determined photometric distances, the small dots to clusters with less certain
data. The asterisks and crosses represent group means. If there is no general space absorption, the
clusters should fall along the dotted straight line. The curved line shows the relationship between the
two distance measures for a general absorption of 0.7m per 1000 parsecs
(after Trumpler, 1930: 218).
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This figure shows good evidence of a general absorption affecting the photographic
magnitudes of stars by about 0.7m per 1000 parsecs, which is reasonably compatible with
conclusions drawn from star counts. This general absorption will not make any change to
the fact that the density of stars in space decreases in general for greater distances from the
Sun. This does not apply to star density in the region of the Milky Way star clouds which
shows a slight increase. This would confirm that general absorption which affects open
clusters is not universal, but is confined to our Galaxy, while extragalactic space has much
greater transparency.
The other possibility is that the absorption is selective, being based on wavelength, with
its colour changing with distance. Initially, fainter stars appeared to be more reddish, but
this was later shown to be related to the increase in population of low-temperature dwarf
stars. The other problem is that the colours of the stars are related to their surface
temperatures. Therefore, the surface temperatures must be determined independently using
spectral types. The relative intensities of spectral lines are not affected by space absorption.
They measure the temperature using ionization and excitation in the stellar atmosphere.
Selective absorption would be measured by the increase with distance of the mean colour
index corresponding to a given spectral type. However, this approach by Kapteyn, Jones
and van Rhijn in 1909 was discredited by Shapley (1916) a few years later with his
researches on globular clusters. Trumpler then carried out a review of the consistent
discrepancy between his spectral-type estimates and colour indices observed by others.
Based on the average relationship between the colour index and spectral types for nearby
stars it is possible to estimate for any giant or dwarf star of a known spectral type its
normal colour index. The difference between this index and the one actually observed is
known as the colour excess. Trumpler then listed the colour excesses of nine open star
clusters and reviewed the results of several other astronomers for different classes of stars.
Trumpler then reconciled his results on selective absorption with Shapley’s observations
of the small colour indices seen in distance globular clusters and similar observations by
Hubble of spiral nebulae. He further commented that in order to avoid any contradiction
“… we must again draw the conclusion that the medium responsible for the observed
general and selective absorption is limited to our stellar system [= Galaxy] and does not
extend though extragalactic space.” (Trumpler, 1930:224).
It was further noted (ibid.) that two thirds of all open star clusters are within 100 parsecs
of their plane of concentration and therefore it is reasonable to assume that the absorbing
medium has a similar distribution, forming a relatively thin disk along the Galactic Plane.
As the light from globular clusters and spiral nebulae located in higher galactic latitudes
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only passes through a few hundred parsecs it will not be very affected by the absorbing
medium.
The absorption coefficients for the photographic and visual region of the spectrum were
derived (ibid.) by combining the numerical data of general and selective absorption. Space
absorption decreases rapidly in accordance with increasing wavelength, which is similar to
the extinction in the Earth’s atmosphere.
Trumpler (ibid.) then reviewed ‘Rayleigh scattering’ in respect of free atoms such as
calcium, and determined that the total mass of space density was 1700 times the Sun’s mass
per cubic parsec, which is far too high. Based on gravitational action and the observed
stellar velocities, the maximum space density should be about half of the Sun’s mass per
cubic parsec. Based on this limit it is possible to calculate the average mass of the particles,
which would be 2 × 10 19 grams, which equates to 3400 calcium atoms. Such atoms have a
diameter of about one-hundredth of the wavelength of visible light, and still small enough
to produce Rayleigh scattering. Thus, the numerical results for selective absorption cannot
be traced to this Rayleigh scattering but admit to an interpretation as scattering by fine
cosmic dust. It is probable that there is some relationship between the medium causing the
general and selective absorption and the abundance of interstellar calcium and obscuration.
Trumpler (ibid.) completes his study with the suggestion that a tentative working
hypothesis should be formulated to incorporate and co-ordinate observational data available
using Eddington’s theoretical studies (e.g. see Eddington, 1923, etc.). He noted that the
Milky Way seems to contain a considerable amount of finely-divided matter, which is
apparent by its absorption of light. It appears to be made up of:
1) Free atoms (Ca, Na, and probably others) causing (inter-stationary) absorption lines
which are observed in spectra of distant stars.
2) Free electrons, since the interstellar calcium atoms are ionized.
3) Fine cosmic dust particles of various sizes maintained in space by the light pressure of
the stars, which produce the observed selective absorption by Rayleigh scattering.
4) Large meteoric bodies which may be responsible for a small part of the general
absorption.
This absorbing medium is limited to our Galaxy and is concentrated to in the Galactic Plane
in a thin disk; it is probably only a few hundred parsecs thick, and is not uniform. The
observed obscuration of globular clusters and spiral nebulae is a result of the great depth of
the medium in this direction. The dark nebulae, or obscuring clouds, are of very obvious
greater opacity, but it is not certain whether their absorption is selective or not. They are
most prominent in the Milky Way, and may be the result of strong local condensations of
general absorbing medium or some of the above-listed constituents (Trumpler, 1930).
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In 1932 Trumpler (1932) carried forward his discussion on his study of the absorption of
light with observations of Barnard’s ‘dark patches’, particularly the Dark Nebula Barnard
86, adding his support to Barnard’s conclusion that these patches were not vacant areas of
the sky but dark gaseous nebulae. This designation suggested that they were somehow
related to bright diffused nebulae, such as the Orion Nebula. The relationship appeared
acceptable because of the close proximity of some of obscuring masses in or around bright
nebulae. This further suggested that they were both made up of the same material, and that
the bright nebulae apparently do not supply their own radiation energy but acquire it from
nearby or embedded stars. The size of these nebulae appears to measure from ten to fifty
light-years across, some one hundred million times the diameter of the Sun. If this volume
was filled with air, the total mass would cause high velocities in the surrounding or
embedded stars. This has not been observed and therefore the nebulae must be in a very
rarefied state. Physical laws of the interaction between matter and light indicated that a
given mass, divided into tiny solid particles, was most effective in obscuring the passage of
light, and
This suggests that the dark nebulae which often appear quite opaque are largely made up of fine
cosmic dust, with which free atoms and electrons, and perhaps larger meteoric bodies may also
be mixed (Trumpler, 1932: 181).

3.8 Boris Petrovich Gerasimovich
Boris P. Gerasimovich (Figure 40) was born in Poltavian Kremenchug, Ukraine (see Figure
7, page 45), in March 1889 and died in 1937, one of the victims of the 1936-1937 purges of
the USSR (Haramundanis, 2007). He completed his education at Kharkov University
(Figure 41) in 1914, and held the position of Privatdozent (lecturer) from 1917 to 1922 and
Professor from 1922 to 1931, and the most senior astronomer at the University’s
observatory. Between 1926 and 1929 he completed research projects at Harvard College
Observatory (see Figure 46, page 103), and visited his fiend Otto Struve (1897–1963) at the
Yerkes Observatory in USA. In 1931 he returned to the Pulkovo Observatory in St
Petersburg (Figure 42), becoming its Director in 1933. Gerasimovich’s scientific work is
represented by about 170 publications in several languages addressing problems in physics
and astronomy.
The interest of astronomers in the ‘dark patches’ continued with a paper from
Gerasimovic while he was at the Pulkovo Observatory. This was published in August 1933
in the Astrophysical Journal and was titled “Remarks on dark nebulae”. He suggested that
large particles in a nebula would be concentrated near a star, while the smaller particles
were repelled away. Based on the treatment proposed by Pannekoek, which gave the
criterion of the amount of mass required in dark nebulae to produce the observed extinction
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of light, he ruled out gaseous matter as the chief constituent of Barnard’s and Wolf’s
nebulae.

Figure 40: Boris P. Gerasimovich, 1889–1937 (after g-tog.com).

Figure 41: Kharkov University, in present-day Ukraine, where Gerasimovich received his tertiary
education (after univer.kharkov.ua).
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Figure 42: Pulkovo Observatory, where Gerasimovich was Director from 1933 to 1937
(after en.wikipedia.org).

Using Debye’s theory (Sciencsworld.wolfram.com) of the scattering of light by small
particles, it was possible to find the mass, based on the observed extinction, together with
the dimensions of the nebula and the assumed size of the particles. But it should be noted
that the results were not definite. However, Gerasimovic did suggest that the size of the
particles and their possible distribution were based on light scattering with respect to
various types of stars, commenting:
The different behaviour of small particles in the vicinity of giant and dwarf stars seriously
affects their distribution in galactic space. General as well as local fields of radiation and
gravitation cause a special distribution of ‘dark matter’, which could be calculated if these
fields are known. (Gerasimovic,1933:299).

The properties of the general galactic gravitational and radiant field gradient represented
the most difficult problem. Only approximate estimates could be made of its direction and
size. However, because of the accumulation of high-luminosity stars near the Galactic
Plane, it suggested that “... there exists an appreciable general field gradient perpendicular
to the galactic plane.”(Gerasimovic, 1933:300) This field may be driving away small
particles in the higher latitudes. Examples of the repulsive action of high-luminosity stars
were the ‘cometary nebulae’ which take the shape of a comet with the larger particles
nearest to the stars and the smaller being repulsed, forming a tail behind the head. The
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proportion of small and large particles determined the shape of the nebula at any particular
time, because the large particles were attracted to the stars while the smaller ones were
repulsed. Gerasimovic quoted Barnard’s comment on this feature: “In many cases one side
of a dark marking is very definite, while the other side is diffused. This occurs so often that
there must be some reason for it.” (Gerasimovic, 1933: 302).
It seemed reasonable to assume that the shape of the nebula was forever changing in
response to the changing environment of the local field of radiation and gravitation caused
by the moving stars. However, this change would be relatively slow and it would be many
years before any specific case could be confirmed.

3.9 Bart J. Bok and Edith F. Reilly
The last mention of ‘dark matter’ in this chapter is the paper by Bok and Reilly (1947)
where they suggested a name for small dark nebulae. They drew attention to the possibility
of stars forming from condensation of the interstellar medium, as expounded by several
authors.
Bartholomeus Jan Bok (Figure 43) was born in Hoorn, Holland (see Figure 7, page 45)
in 1906, and grew up in Haarlem and The Hague, completing his undergraduate studies in
astronomy in 1927 at the University of Leiden (Jedicke 2004). This was where he met
Harlow Shapley (1885–1972; Figure 44), who had shown that our Solar System was well
away from the centre of our Galaxy. It was Shapley who suggested Bok study the star Eta
Carinae (which was surrounded by an extensive cloud of interstellar gas) as the topic for
his Ph.D. thesis, which he completed in 1932.
Bok expanded his research to include the stability of star clusters and their disintegration
due to the rotation of our Galaxy, and in co-operation with Edith Reilly he identified and
photographed 200 extremely small dark clouds in the Sun’s sector of our Galaxy.
Thousands of these nebulae have now been found and have become known as ‘Bok
globules’ (e.g. see Figure 45). They are now thought to be a stage in the very early
evolution of stars.
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Figure 43: Bart J. Bok, 1906–1983
(after http://www.phys.astro.sonoma.edu/Bruce
Medalists/Bok/Bok.html).

Bok was Assistant Professor of Astronomy at Harvard University (Figure 46), in
Cambridge, Massachusetts (see Figure 25, page 77), from 1933 to 1939. During this time
he became a naturalized U.S. citizen and finally becoming a full Professor in 1946. Because
his opportunities were restricted in USA, as a result of his association with Shapley, who
had been to the House Committee on Un-American Activities, Bok decided to move to
Australia, and in 1957 he accepted the Directorship of the Mount Stromlo Observatory in
Canberra and a Professorship at the Australian National University. He played a key role in
the developments of astronomical research and education in Australia in the early 1960s
(see Frame and Faulkner, 2003).
In 1966 Bok returned to USA as the Head of Astronomy at the University of Arizona in
Tucson, where he remained in various professorial positions until his death in 1983. During
this time, he was a big influence in the development of the Kitt Peak National Observatory,
which included the funding and construction of a 90-inch telescope (see Jedicke 2004).
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Figure 44: Harlow Shapley, 1885–1972 (after cosmotography.com).

Bok and Reilly suggested a search be made for small dark nebulae, since they may
represent an early evolutionary stage in the formation of stars. This was similar to the
request made by Michell (see Section 2.1.2 above) to search for double and triple stars, but
such searches take many years. Both searches could lead to an increase in the number of
locations of ‘dark’ objects.
In their 1947 paper Bok and Reilly referred to the original photographs taken by Edward
Barnard and those published in the Lick Atlas and Ross-Calvert Atlas, and they suggested
that the Schmidt cameras with their short focal ratios were ideal for searching for these
small dark objects. They further suggested that consideration only be given to circular or
oval shapes, and they referred to these as ‘globules’.
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Figure 45: Examples of ‘Bok Globules’ in the Rosetta Nebulae, NGC 2237 (after astropix.com).

Figure 46: Harvard University, where Bok and Reilly conducted their research on what later became
known as ‘Bok Globules’ (after acreaderz.com).
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Using the above-mentioned photographs and atlases and supporting photographs taken
by Struve and Elvey at the McDonald Observatory, Bok and Reilly identified numerous
dark nebulae, visible by their obstruction of a background diffused nebula. Using the
previously-obtained magnitudes provided by others of the background diffused nebula and
allowing for correction for absorption, they were able to estimate the approximate distances
to the globules and completed the simple calculation to obtain their size.
The maximum distance to Messier 8 was 1260 parsecs, which gave diameters of the
sixteen globules in the foreground of between 7,000 and 80,000 A.U. With larger globules
it was possible to calculate the light absorption with better accuracy as they have many
more stars s and 227, which were checked by Laurence G. Stoddard with the Harvard
Jewett-Schmidt Telescope (see Figure 47). It should be noted that these globules lie in our
Galaxy’s Anti-centre, and their minimum diameters are approximately 100,000 A.U.
(Bok and Reilly, 1947). This applied to the large globules in Barnard’s list numbers 34,
201, 226 and 227, which were checked by Laurence G. Stoddard with the Harvard JewettSchmidt Telescope.

3.10 Summary and Comment
This is a rather short chapter but its important purpose is to note the introduction of the
perception of ‘dark matter’ in the form of dark nebulae. Early in the twentieth century
Barnard had a particular interest in observing comets. He noticed that some of the comets
seem to be passing in front of dark patches (nebulae) in the sky, and in the case of some
binary systems he also recorded the perturbing effect of ‘dark stars’ on the motion of their
bright components, so evidence for the existence of ‘dark matter’ was increasing.
Around 1920 Pannekoek calculated the size and distance of nebulae in Taurus. More
importantly, he discussed the effect of this large nebula on proper motions within the Solar
System. It therefore could be concluded that the existence of some dark nebulae may be
determined by their effect on the proper motions of nearby visible objects.
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Figure 47: The Harvard Jewett-Schmidt Telescope, which was used to photograph Bok Globules in
some of Barnard’s ‘dark patches’ (after hea-www.harvard.edu).

Elliott Smith’s important contribution in 1924 was to further confirm the existence of
‘dark nebulae’ and to refer to them as ‘dark occulting matter’. So the term ‘dark matter’ was
born.
In 1927, Barnard’s atlas of ‘dark patches’ in the Sky was finally published adding to the
preliminary information on ‘dark matter’, by recording the positions of dark nebulae.
Bok and Reilly, and Trumpler, independently discussed Barnard’s atlas and commented
that the ‘dark patches’ may consist of fine cosmic dust mixed with free atoms, free electrons
and possibly meteoric bodies. This was the first indication of what may constitute some ‘dark
matter’.
Gerasimovich made an interesting comment about the behaviour of ‘dark matter’ when it
was in the presence of a large body such as a star. Because of the gravitational effect, the
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larger particles in the nebulae would be concentrated near the star, while the smaller particles
would tend to be repulsed. This could explain why some nebulae were shaped like comets,
with the large particles concentrated near the head and the smaller particles trailing away in
relation to their size.
By this time a better understanding had been achieved of the effect of ‘dark matter’ in
dark nebulae. Its presence was detected by its obscuration of light from luminous bodies and
its gravitational effect on nearby luminous bodies.
The next chapter studies the trend to use a more mathematical analysis of our Galaxy in
order to understand why it is of a particular shape.
___________________________________________
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CHAPTER 4: DEVELOPMENTS IN EARLY
TWENTIETH CENTURY ASTROPHYSICS
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4. DEVELOPMENTS IN EARLY TWENTIETH CENTURY ASTROPHYSICS
This chapter continues from the end of Chapter 2, moving on to deal with the questions of
the size of our Galaxy, with missing mass as the underlying theme. The discussions are based
on mathematical analysis which attempts to prove the truth of what had previously been
observed in the changes in the proper motions of stars and planets.
In 1905 Einstein introduced the concept of a photon, a new concept of the form of light as
being massless radiation, which is closer to our current understanding of light. This was quite
different from the original concept of a corpuscle of light, with mass, used by Michell and
Laplace.
Einstein’s work on the General Theory of Relativity in 1915 led to a study by Karl
Schwarzschild, who found a solution based on Einstein’s equations for the structure of spacetime outside a spherically-symmetric mass. His solution R  2GM / c 2 , is still used today to
calculate the event horizon of a sphere from which light cannot escape.
The size of our Galaxy and the possibility that other ‘island universes’ existed were
considered in detail by Harlow Shapley and Heber D. Curtis in what became known as ‘The
Great Debate’. Although not directly related to ‘dark matter’, it established a size for our
Galaxy, so the need for missing mass, and its gravitation force to hold the Galaxy together,
became apparent. As research moved forward, the missing mass became associated with
‘dark matter’.
This need was assessed by Jacobus C. Kapteyn in 1922, when he made an attempt to
explain the arrangement and motion of the stars within the Galaxy and the amount of ‘dark
matter’ necessary to hold the Galaxy together.
Probably two of the most important papers in changing our understanding of ‘dark matter’
at this time were prepared by Jan H. Oort, a follower of Kapteyn, in 1926 and 1927. They
first discussed in detail the non-light-emitting matter in our Galaxy, and the second the
observational evidence confirming the rotation of our Galaxy.
This chapter finishes with a short comment by J. Stebbins and C.M. Huffer who suggested
that the scattering material in space must be closely related to the stars .
4.1 Albert Einstein
Albert Einstein (Figure 48) was born in Ulm (see Figure 7, page 45), in the Kingdom of
Würtemberg in the German Empire, in 1879. He attended a Catholic elementary school from
the age of five until ten. In these early years he built models and mechanical devices, thereby
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showing a talent for mathematics. Einstein finished his secondary school education in Aarau,
North Switzerland, taking the opportunity to study Maxwell’s electromagnetic theory. He
renounced his German citizenship in 1896 and enrolled in the mathematics and physics
program at the Polytechnic in Zurich, graduating in 1900. In 1901 he acquired Swiss
citizenship and accepted a position in the Swiss Patent Office where he produced some of his
remarkable work in his spare time. Einstein’s promotion through the academic ranks was
outstanding, as he became Privatdozent in Berne in 1908, Professor Extraordinary in Zurich
in 1909, Professor of Theoretical Physics in Prague and then in Zurich 1911/1912. In 1914 he
was appointed Director of the Kaiser Wilhelm Physical Institute (Figure 49) and a Professor
at the University of Berlin. In 1933 Einstein left Germany to accept the position of Professor
of Theoretical Physics at Princeton University, USA, where he stayed until he retired in 1945.
He died in 1955 (Holton, 2007).

Figure 48: Albert Einstein, 1879−1955
(after http:// nobelprize.org/nobel_prizes/physics/laureates1921/
einstein.bio.html).
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Newton’s Theory of Gravitation was accepted without question until the beginning of the
twentieth century when Einstein introduced his Special Theory of Relativity in 1905 and his
General Theory of Relativity in 1915 (although it was published in 1916). The first Theory
showed that Newton’s three Laws of Motion were only approximately correct, as they break
down when velocities approach the speed of light. Newton’s Law of Gravitation also breaks
down in the presence of very strong gravitational fields.

Figure 49: The Kaiser Wilhelm Physical Institute in Berlin where Einstein was Director when he
developed his General Theory of Relativity (after fu-berlin.de).

The difference in accuracy between Newton and Einstein was confirmed by calculations
of the ‘precession of the perihelion’ of the orientation of Mercury’s orbit. The General
Theory of Relativity corrected an error in Newton’s prediction by 43 seconds of arc per
century in precession. The Theory also predicted that the direction of light propagation would
change in a gravitational field, which was clearly shown later by the gravitational
microlensing technique used by the MACHO and other research groups in the late
st

20th and 21 centuries.
Einstein’s General Theory of Relativity predicted that light coming from a strong
gravitational field would have its wavelength shifted to a larger value, which is now called
‘red shift’ (http://csep10.phys.utk.edu/astr161/lect/history/einstein.html)

110

DARK MATTER from MICHELL to MACHOS

4.2 Karl Schwarzschild
In 1916 Einstein presented his Special Theory of Relativity, which revolutionised the
concept of gravity. According to Einstein, gravitational attraction between astronomical
bodies was not due to a force but was a consequence of one body moving along a geodesic
in space that had been curved or warped by the other body. Almost immediately
Schwarzschild found a solution to Einstein’s equation for the structure of space-time
around a spherically-symmetric mass, M.
Karl Schwarzschild (Figure 51) was born in Frankfurt am Main, Germany (see Figure 7,
page 45), in 1873 to a member of the local business community (O’Connor and Robertson,
2003). He attended a Jewish primary school in Frankfurt until he was eleven, then he entered
the Frankfurt Gymnasium. He became interested in astronomy, and by saving his pocket
money purchased the materials, including the lens, to build his own telescope. A friend of his
father, J. Epstin, had his own observatory and Schwarzschild became good friends with his
son Paul Epstin. Paul showed Schwarzschild how to use the telescope and taught him some
advanced mathematics. By the time he was sixteen Schwarzschild had mastered celestial
mechanics and at this age he wrote his first two papers on the theory of the orbits of double
stars. These papers were published in Astronomische Nachrichten in 1890. Schwarzschild
continued his studies of astronomy at the University of Strasbourg for two years and then at
the University of Munich, where he obtained his Doctorate. He then took a position at the
Von Kuffner Observatory in Vienna, working on methods to determine the apparent
brightness of stars using photographic plates.

Figure 50: The Potsdam Astrophysical Observatory, where Schwarzschild was Director from 1901
(after en.wikipedia.org).
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In 1901 he was appointed a Professor at Göttingen University and a Director of their
Observatory. He married in 1909 and moved to the position of Director of the Astrophysical
Observatory in Potsdam (Figure 50). He was elected to the Berlin Academy in 1913.
In 1914 Schwarzschild volunteered for military service, and first he was posted to France
and then to Russia. While in Russia he wrote two papers on Einstein’s General Theory of
Relativity, the first of which gave an exact solution to the related equations, giving an
understanding of the geometry of space near a point mass.

Figure 10

Figure 51: Karl Schwarzschild, 1873−1916 (after visindavefur.is).

When Einstein read a copy of the first paper he commented “I had not expected that one
could formulate the exact solution of the problem in such a simple way.” Further, as
O’Connor and Robertson (2003) noted:
The work in these two papers formed the basis for a later study of black holes, showing that
bodies of sufficiently large mass would have an escape velocity exceeding the speed of light
and so could not be seen. However, Schwarzschild himself makes it clear that he believes that
the theoretical solution is physically meaningless, so making it very clear that he did not believe
in the physical reality of black holes.
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Schwarzschild’s solution showed there was a radius, R, defined by the equation

R  2G M c2
where G is the force of gravity, M is the mass of the object and c is the speed of light inside
which any light emitted could not escape. The imaginary sphere of this radius surrounding
the central mass is known as the ‘event horizon’.
As this solution was so important for the study of black holes, it is worth outlining some
of the features of Schwarzschild’s method.
(1) The structure of space-time for a static spherically-symmetrical system is described by
the line element or interval ds and the following equation:

ds 2  F R dt 2  H  R dR 2  R  d 2  Sin 2 d 2 

(14)

where ( R, ,  ) are the spherical polar co-ordinates of a point in space.

(2) Substitution into Einstein’s equations of General Relativity then gave:
F R   1  

R

, H R 

1

1

(15)
R

where   2G M c2 . The event horizon occurs at R   , where the quantity H R becomes
infinite (Schwarzschild, 1916).
This result extended the concept developed by both Michell and Laplace that light
cannot escape from a sufficiently massive body. But whereas Michell and Laplace assumed
light was corpuscular and had mass, Schwarzschild treated light as massless radiation
following a path through space arising from the presence of a massive body. The concept of
‘dark matter’ again changes to include these massive bodies which curve their surrounding
space, so light in the form of a massless photon travels along a geodesic, which keeps it
inside the Schwarzschild event horizon.
This is similar to the bodies described by Michell and Laplace, which today would be
included in the family of black holes. Black holes have since been extended to include very
dense objects that range from ultra small to super-massive.
4.3 Harlow Shapley, Heber D. Curtis and ‘The Great Debate’
On the 26 April 1920, the so-called ‘Great Debate’ took place between Harlow Shapley and
Heber Curtis (see Smith, 1982). These two astronomers came from completely different
backgrounds to arrive together at the ‘Great Debate’.
Harlow Shapley (1885–1972; see Figure 44 on page 102) was born in Nashville,
Missouri, the son of a farmer and school teacher. Although he lacked formal high-school
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education he enrolled in the University of Missouri, where he studied astronomy
(Gingerich, 2004). In 1911 he obtained a fellowship to Princeton University, becoming the
first graduate student of the astronomer Henry Norris Russell. He undertook an
investigation of eclipsing binary stars and from 10,000 observations derived orbits for
ninety binaries, establishing the sizes and masses of their components.
In 1913 he obtained a position at the Mt. Wilson Observatory in California, gaining
access to the 100-inch Hooker Telescope (Figure 52) which was then under construction.
Subsequently he used this telescope to investigate variable stars in the known 100 stable
clusters. Using the period-luminosity law of Cepheid variable stars, which had been
discovered in 1912 at Harvard Observatory, Shapley assigned a diameter of 300,000 light
years to our Galaxy (Gingerich, 2004).
In contrast, Herber Doust Curtis (1872–1942; Figure 30 on page 82) received a classical
education, and although he showed an early aptitude for mathematics, he only came to
astronomy after first teaching Latin and Greek at a college in California. Subsequently he
completed a Ph.D., and joined the staff of the Lick Observatory (for further biographical
details about Curtis see pages 79-80).
The presentations made by Shapley and Curtis were not really a debate, but rather, each
party gave their contrasting views on three different questions (see Hoskin, 1976).
Invitations were issued by the National Academy of Science in Washington to the two
astronomers, because of a presentation made by Curtis to the National Academy on the size
of our Galaxy, which he suggested was between 7,000 and 30,000 light years in diameter,
contrary to the then current thought.
The three questions directed at Curtis and Shapley were:
(1) What was the size and structure of our Galaxy?’
(2) What and where were the nebulae?
(3) Did ‘island universes’ exist?
These issues were important to the evolving concept of ‘dark matter’ as missing mass,
as this could not be resolved until the size of the Universe was determined and whether
or not our Galaxy was a separate entity. Once the size of our Galaxy was established,
it would then be possible to determine its mass and, as will subsequently be shown,
demonstrate that the abundance of visible luminous mass is insufficient to contain the
rotating galaxy.
The papers that Shapley and Curtis presented were not written papers that were
suitable for a technical journal; they were notes for presentation at a conference or
seminar. They are briefly summarised below.
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4.3.1 Harlow D. Shapley
Shapley opened the argument with a discussion on the evolution of the idea of galactic size
and how he arrived at his suggested dimensions and arrangement of our Galaxy. He
maintained an estimated diameter of at least 300,000 light years for the physical Universe, i.e.
the total of all of the sidereal systems known to exist, acknowledging that this was contrary to
Curtis’ suggested size of 7,000 to 30,000 light years. Shapley commented that in 1900 the
radial velocities of 300 stars were known, but by the 1920s thousands of radial velocities and
accurate distances to 150 of the brightest stars were known. Shapley offered an analysis of
the globular cluster in Hercules to support his claims (Shapley, 1921 - Great Debate).

Figure 52: The 100-inch Hooker Telescope at Mt Wilson
Observatory (after library.vanderbilt,edu).
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4.3.2 Heber D. Curtis
Curtis opened his reply by defining the units used and the error magnitude that could be
expected in relation to distance and equating motion across our line of sight to proper
motions. He commented on the complications of taking stars of all spectral types together, as
the dispersion in absolute luminosity was very large. Even with the exclusion of a few small
stars, which were exceptional bright or faint, this dispersion probably reached ten absolute
magnitudes, which would equate to a 100-fold uncertainty in the distance for a given star. As
Table 3 indicates, studies by several other astronomers, using magnitudes, had arrived at a
range of values for the diameter for our Galaxy.
The stars were not infinite in number, or uniform in distribution. Our Galaxy, delimited
for us by the projected contours of the Milky Way, contains possibly a billion suns, and they
were not distributed uniformly through our Galaxy. A large proportion of stars were probably
within the ring structure suggested by the appearance of the Milky Way, which was as much
a structural as a depth effect. A spiral structure had been suggested for our Galaxy, but the
evidence was not very strong, except when supported by the analogy of spiral galaxies as
‘island universes’.
Table 3: Variations in the estimated diameter of our Galaxy
as suggested by different astronomers.

Astronomer

Size (ly)

Wolf
Eddington
Shapley
Kapteyn
Newcomb

14,000
15,000
20,000
60,000
7,000 - 30,000

With only one exception, all of the general types of celestial objects showed a random
distribution with respect to the plane of the Milky Way. This one exception was the spiral
galaxies; they seemed to abhor the regions of greatest star density. Never found in the Milky
Way, there was no other class of celestial objects with their distinctive characteristics of
form. The evidence was that spiral galaxies were individual galaxies, or ‘island universes’,
comparable to our own Galaxy in dimensions and in a number of component units:

Our Galaxy is probably not more than 30,000 light years in diameter and perhaps 5,000 light
years in thickness. The clusters and all other types of celestial object except the spirals are
component parts of our own galactic system. The spirals are a class apart and not intra-galactic
objects. As island universes, of the same order of size as our galaxy, they are distant from us
500,000 to 10,000,000 ly or more. (Curtis,1920: 16).
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Shapley theory, as quoted by Curtis, was:
The Galaxy is approximately 300,000 light years in diameter and 30,000 light years or more in
thickness. The globular cluster are remote objects, but part of our own galaxy. The most distant
cluster is placed about 220,000 light years away. The spirals are probably of nebulous
constitution, and possibly not members of our own Galaxy, driven away in some manner from
the regions of greatest star density. (Curtis, 1920: 17).

Curtis reviewed the results of Kapteyn’s values for the average absolute magnitudes of
stars of various spectral types. He then compiled a chart showing the comparison of apparent
magnitudes against absolute magnitudes for distances of 10,000 and 100,000 light years and
quoted the percentages of giant stars compiled by Schouten (see page 23 of 30 of his text) in
a cube of 500 light years. The evidence for greater galactic dimensions had been deduced
from the globular clusters. Curtis stated that he was unable to accept globular clusters at
distances of the order of 100,000 light years. This was based on three lines of evidence:
1) Determination of the relative distances of the clusters on the assumption that they were
objects of the same order of actual size.
2) Determination of the absolute distances of the clusters through correlations between
Cepheids variable stars in clusters and in our Galaxy.
3) Determination of the absolute distances of the clusters through a comparison of their
brightest stars with the intrinsically brightest stars in our Galaxy.
Curtis felt that the evidence for the smaller and commonly-accepted galactic dimensions was
still stronger and the postulated diameter of 300,000 light years must certainly be divided by
five and perhaps by 10. He therefore held the belief that our Galaxy was probably not more
than 30,000 light years in diameter, that spiral galaxies were not intra-galactic objects but
were extragalactic ‘island universes’, like our own Galaxy, and that the spiral galaxies, as
external galaxies, indicated to us a greater Universe into which we may penetrate to distances
of 10 to 100 million light years (Curtis, 1920).
There was a unity and an internal agreement in the features of the ‘island universe theory’
which appealed very strongly to Curtis. Evidence in size was too uncertain for him to be
dogmatic, and he was awaiting further definitive evidence.
To support this theory about spiral galaxies, Curtis referred to similar ideas first put forward
by William Herschel (Figure 53) in the 1780s. From the proper motions of a few stars
Herschel determined the direction of the Sun’s movement. He noticed that star clusters which
appeared nebulous in a small telescope resolved into stars when more magnification was
used. From this Herschel argued that most nebulae could be resolved into stars and were in
fact separate universes as previously had been suggested on purely hypothetical or
philosophical grounds by Wright, Lambert and Kant. But based upon their appearances, with
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uncanny prescience, Herschel (1784; see also Michell, 1767) suggested that the few
exceptions were definitely gaseous nebulae and were irresolvable.

Figure 53: Painting of William Herschel, 1738−1822
(after www.answers.com/ topic/william-herschel).

Curtis continued his discussion on the sizes of these spiral galaxies using Newcomb’s
estimate of the size of our Galaxy as 5,000 light years thick and 30,000 light years in
diameter. He then summarised his view of spiral galaxies as ‘island universes’:
(1) With this theory, it was unnecessary to attempt to co-ordinate the tremendous space and
velocities of the spiral galaxies with the thirty-fold smaller rates found for the stars. Very
high velocities had been found for the Magellanic Clouds, which may possibly be very
irregular spiral galaxies, relatively close to our Galaxy.
(2) There was some evidence for a spiral structure in our own Galaxy.
(3) The spectra of the majority of the spiral galaxies were practically identical to those given
by star clusters; a spectrum of this general type was such as would be expected from a vast
disorderly collection of stars.
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(4) If the spiral galaxies were separate ‘island universes’, similar to our Galaxy in extent and
number of component stars, we should observe many new stars in the spiral galaxies, closely
resembling in their own life histories the twenty-seven novae which had appeared in our own
Galaxy. Over a dozen such novae in spiral galaxies had been found and it was probable that a
systematic program of repetitive nebulae photography would add greatly to the number.
A comparison of the average magnitude of novae in spiral galaxies with those of our own
Galaxy indicated a distance of the order of ten million light years for the spiral galaxies. Our
own Galaxy at this distance would appear about 10′ in diameter, comparable in size to the
larger spiral galaxies.
(5) A considerable proportion of the spiral galaxies showed a peripheral equatorial ring of
occulting matter. So many instances of this had been found that it appeared to be a general,
though not universal, characteristic of spiral galaxies. The existence of such an outer ring of
occulting matter in our own Galaxy, which was regarded as a spiral, would furnish an
adequate explanation for the peculiar distribution of the spiral galaxies. There was
considerable evidence of such occulting matter in our Galaxy (Curtis, 1920-Great Debate).
The Great Debate was very important as it finally confirmed that the Universe extended
well beyond our visible Galaxy. The size of our visible Galaxy is now known to be
approximately 100,000 ly in diameter and about 2000 ly thick at the central nuclear bulge.
This is much larger than was suggested by Curtis but it should be remembered that his
estimates were restricted by the sizes of the telescopes available to him. He concluded with a
very astute description of galaxies.
The ‘Great Debate’ did not consider ‘dark matter’, but it was an important step in the
underlying theme of the size of our Galaxy, for without that size the ‘missing mass’ could not
be determined. But Curtis did suggest the existence of an outer ring of occulting matter in a
significant portion of spiral galaxies.
4.4 Jacobus C. Kapteyn
Jacobus Cornelius Kapteyn (Figure 54) was born in Holland in 1851, and upon completing
a basic education he began studying physics, first at the University of Utrecht and then for
three years at Leiden Observatory (Blaauw, 2007). He is best remembered for establishing
the School of Astronomy at the University of Gröningen (Figure 55), where Jan Oort
became one of his pupils. As he did not have access to a telescope, Kapteyn took the
opportunity to measure photographic plates taken by David Gill (1843–1914) at the Royal
Observatory, Cape of Good Hope. From this work he produced a catalogue of 454,875
southern stars with the density of stars in space as a function of distance, brightness and
spectral class.
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Figure 54: Painting of Jacobus Kapteyn, 1851−1922
(after The Legacy of J.C.Kapteyn, cover).

Kapteyn completed tables of distances of stars according to their magnitudes and proper
motions and the number of stars by magnitude and position. His resultant model of our
Galaxy was valid for high galactic latitudes but it could not be applied to the Galactic
Plane, as the results were affected by his lack of knowledge of interstellar absorption.
1922 Kapteyn published a paper on “First attempt at a theory of the arrangement and
motion of the sidereal system” in the Astrophysical Journal in which he completed a
mathematical analysis of our Galaxy. He based his calculations on ellipsoids, since if the
Galaxy was not rotating it would be in the form of a sphere. This enabled the gravitational
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acceleration at various points, due to such a system, to be calculated. Further, he
demonstrated that this motion was “... to the plane of the Milky Way.”
(Kapteyn, 1922:311). There appeared to be two streams, one clockwise and the other anticlockwise. An estimate was made of the number of luminous stars and their average mass.
Kapteyn then proposed that this was only half the mass of the Galaxy and the other half
must be made up of ‘dark matter’, that is, when you estimate the mass of a galaxy by the
number of luminous stars multiplied by their average mass, you simply add an equal
amount of ‘dark matter’.

Figure 55: The University of Gröningen, where Kapteyn founded the School of
Astronomy (after dheeney.wordpress.com).

There was no way to calculate the exact amount of ‘dark matter’, but this gave a more
satisfactory answer to the amount of mass needed:
The amount of ‘dark matter’ cannot be excessive, otherwise the mass of the binary stars
would have to be much less when making the estimate of mass, in order to arrive at an
effective mass of the rotating galaxy which satisfies the gravitational effect needed to stay in
equilibrium. (Kapteyn, 1922:314).

This was the first attempt to estimate the amount of ‘dark matter’ within our Galaxy and
confirmed that it must be rotating; otherwise it would be in the shape of a sphere. This was
a big change in the perspective of the understanding of our Galaxy. The suggestion of the
two streams, one clockwise and the other anti-clockwise, probably resulted from confusion

121

DARK MATTER from MICHELL to MACHOS
in the understanding of the observed movement of the stars on the opposite sides of the
Galaxy, which appeared to be moving against each other.
4.5 Jan H.Oort
The question of the existence of ‘dark matter’ at this time became associated with the
rotation of our Galaxy. Kapteyn (1922) had opened the discussion with his previouslymentioned paper and this was soon followed by Jan H. Oort’s Public Lecture of 1926 titled
“Non-light-emitting matter in the stellar system”. Oort was an admirer of Kapteyn and
considered him to be his teacher.
Jan Oort (Figure 56) was born in Franeker, The Netherlands (see Figure 7, page 45), in
1900 and was educated at the University of Gröningen, completing his Ph.D. in 1926 under
the supervision of Jacobus Kapteyn. He spent a short period at Yale University and then
took up a position on the staff of the University of Leiden (Figure 57), becoming Professor
of Astronomy in 1935. From 1945 to 1970 he served as a Director of both the Leiden
Observatory and the Netherlands Radio Observatory (Blaauw, A., 2007 ). In conjunction
with Bertil Lindblad (1895–1965), he has been given the credit for discovering galactic
rotation although it had previously been suggested by Kapteyn (1922).

Figure 56: Painting of Jan H Oort;1900−1992
(after bc.ub.leidenuniv.nl/bc/tentoonstelling/ Jan_Oort/object3.htm).
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Oort opened his 1926 lecture with a discussion on the distances and the shape of our
Galaxy, suggesting that it was finite and represented a strongly-flattened disk about 60,000
light years across and one fifth of that in thickness, basically in line with the Milky Way.
Oort reconfirmed Kapteyn’s (1922) conclusion that the “… gravitational force of the lightemitting stars was not entirely sufficient to hold the Stellar System [= Galaxy] together …”
and concluded that there must be non-light-emitting matter at least twice the mass of that
matter which emits light. Following on from Kapteyn’s research, Oort obtained by simple
analysis, the size of our Galaxy and what mass was necessary to hold it together.
Oort then moved on to discuss stars with large velocities, offering another way to
determine the non-light-emitting matter in our Galaxy. He noted that all stars with high
velocities move towards one hemisphere and none towards the other hemisphere. This
effect was observed for all types of stars up to very large distances. It was not possible for
these stars to belong to our Galaxy because they were not seen moving in the opposite
direction. It was not unreasonable to assume that this sort of motion could only occur if the
velocity of the star was above its escape velocity from our Galaxy. In fact there seemed to
be a boundary below which the stars moved symmetrically, while those previously
mentioned moved outside this hypothetical boundary. This escape velocity gave another
value for the mass of non-light-emitting matter.

Figure 57: The University of Leiden, where Oort conducted research on the size of our Galaxy
(after (law.newark.rutgers.edu).
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The paper went on to discuss the problem of absorption of light. Oort discussed in detail
the results obtained by Shapley (1916) in determining the distances to all known globular
clusters, which showed that only the nearest were at the boundary calculated by
Kapteyn (1922) and the rest lay outside it. Studies of the extent of our Galaxy, had
assumed that there was no significant absorption of light, but when the finite dimensions of
our Galaxy were first being measured, the question should have been asked whether or not
this finite calculation was correct, because dark bodies were floating between the stars, or
extended masses of dust or gas, that were obscuring the light of distant stars (Oort, 1926).
In fact, perhaps our Galaxy extended beyond the disk-like cloud, and the stars further out
were being obscured by more and more matter and these stars were not being taken into
account.
Oort then introduced the statement made by the Cambridge theoretician Arthur Stanley
Eddington (Figure 58) Stanley and Trimble, 2007) at his 1926 Bakerian Lecture that the
non-selective scattering of light was not a correct argument to prove that the light of distant
stars reached us unobscured. The temperature in interstellar space was very low, at about 3
degrees above absolute zero. A small body such as a meteorite between the stars would
have such a temperature due to radiation from the stars. However, a rarefied gas in
interstellar space would have all the properties of a gas at a very high temperature in the
region of 10,000 degrees, and for the major part the molecules or atoms would be ionized.
The free electrons in such an ionized gas were more capable of scattering light than
molecules in a non-ionized gas and did not have a preference for blue light. The ionized
gases should have no effect on the colour change for distant stars. Therefore, it should have
been possible to prove the existence of gas by using the dark absorption lines of calcium
and sodium in the spectra of a few distant stars, lines for which their Doppler-shift with
respect to the other lines in the spectrum indicated that they could not have originated from
the stars.
Then Oort suggested that Eddington’s criticism removed much of the significance of the
negative results of the investigations of colour changes in very distant stars. Eddington
further commented that investigations of the calcium and sodium lines indicated a gas
density so low no general absorption should be expected. The observed velocities suggested
a total density of non-light-emitting matter of approximately 1023 g / cm3 which would
not be sufficient to cause any important loss of light.
It could be assumed that in addition to the light-emitting stars there would be a large
quantity of dark bodies in the Universe. If these were very faint or dark stars, they would
not be in sufficient quantities to provide an observable extinction, but this would not be the
case if the mass was made up of very small solid particles, similar to grains of sand,
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distributed throughout the Galaxy. This would give rise to significant absorption over
distances of thousands of light-years, and it could be assumed that these particles could be
sufficiently dense in certain regions to completely extinguish the light from more distant
stars.

Figure 58: Sir Arthur Eddington, 1882–1944 (after en.wikipedia.org).

There was a brief mention of meteors, but these only weighed a fraction of a gram and
were not in sufficient numbers to warrant consideration. Oort then referred to the results
obtained by Barnard, drawing particular attention to the black spot called the Coalsack
(Figure 59) which was located in one of the brightest regions of the Milky Way.
Oort concluded his review of the phenomena indicating absorbing matter in our Galaxy
by taking one further step. In the sky there had been observed approximately half a million
small, light-emitting nebulae, in a more or less regular form and with their spectra differing
from the previously-mentioned irregular luminous nebulae. Using large telescopes they
appeared to have arms in a spiral form around a large central area. Oort classified this
group of objects as spiral nebulae whether or not they were spiral or nebular. Their spectra
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resembled a mixture of stars of average age. They were at such large distances that some
astronomers were tempted to consider them as independent stellar systems. Hubble (1929)
using the 100-inch Mount Wilson telescope had resolved the outer parts of two of these
spiral nebulae into stars and estimated the distance to the variable stars in these nebulae.
Combining these results Oort concluded that the nebulae were at least one million lightyears away.

Figure 59: The Coalsack, a dark gaseous nebula near the Southern Cross in a bright section of the
Southern Milky Way (courtesy: outreach.atnf.csiro.au).

If the spiral nebulae could be considered as large stellar systems far removed from our
Galaxy, and if the hypothesis that all objects more than 30,000 light years away in the
direction of the Milky Way were invisible to us, then no spiral nebulae should be seen in
the Milky Way. Observations had proven this to be correct. Further, not one of the 500
spiral nebulae listed by the British amateur astronomer, John Reynolds (1874–1949) lay
within the Milky Way and there was a strip of less than twenty-five degrees around the
Milky Way that showed no spiral nebulae, which was identified as a zone of avoidance.
Using these results, Oort finally concluded that the middle of this zone of avoidance traced
a great circle that made an angle of only 1.50 with the galactic circle. There was little or no
doubt that there was a causal relation between the plane of the Milky Way and the zone of
avoidance observed for spiral nebulae. Oort explained that as part of the zone of avoidance
was due to obscuration, this should also apply to the rest of the zone. To understand the
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distribution of the absorbing matter, it must be realized that globular clusters even at a
distance of 60,000 light years, showed no signs of absorption at latitude 150 . Observations
by Carl Wirtz (1924) gave direct support for the absorption hypothesis. These observations
showed that the average surface brightness of nebulae near the zone of avoidance was less
than near the poles of the Milky Way. This probably confirmed that this was the real
structure of a spiral nebulae system.
Oort (1926) suggested that the absorption of spiral nebulae have been caused by an
enormous opaque galactic ring outside the system of globular clusters, or that a very
weakly-absorbing medium filled space around us out to very large distances beyond the
globular clusters. The possibility existed that a completely different explanation would be
found, but for the moment, that of absorption of light was the least contrived.
Oort quite quickly re-entered the discussion on the rotation of the Galaxy in a paper
published in the Bulletin of the Astronomical Institutes of the Netherlands in April 1927
titled “Observational evidence confirming Lindblad’s hypotheses of a rotation of the galactic
system” (Oort, 1927). The introduction confirmed the known observations that the motions
of the globular clusters varied considerably from the nearby brighter stars, with the globular
clusters having a systematic drift of about 200-300 km/sec. in relation to the bright stars and
that the peculiar velocity of one of the components averaged about 80 km/sec., which was
six times the average velocity of the bright stars. In addition, the globular clusters and
bright stars rather accurately followed the same plane of symmetry. From the work of
Kapteyn (1922) and Shapley (1916, 1920) and from the observed motions of the stars, it
was possible to estimate the escape velocity of the stars and the gravitational force.
However, this implied that the velocities of the clusters were too high.
One explanation could be that the brighter stars were members of a local cloud that was
moving at high speed inside a larger galactic system dimensionally comparable to a globular
cluster system. There must be many more of these systems in order to produce the
gravitational effect to stop the globular clusters moving apart. The suggestion that these
additional globular systems do not exist simply because they could not be observed could not
be substantiated as “There are indications that enough ‘dark matter’ exists to blot out all
galactic star clouds beyond the limits of the Kapteyn-system.” (Oort, 1927: 275).
Oort noted that the Swedish astronomer Bertil Lindblad (1895–1965; Figure 60) had put
forward a hypothesis that could explain the differences in these velocities: that there was a
much larger galactic system than that proposed by Kapteyn which was subdivided into
smaller systems, rotating about their own centres, all of which in turn rotated about the
centre of the larger system. Each of the sub-systems rotated at different speeds about their
centres. One of these sub-systems could be a globular cluster for example. The big
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difference in this hypothesis was that a second system was not introduced which was
travelling in the opposite direction. It also solved the problem whereby the average
direction of the systems of high velocity stars was perpendicular to the direction of the
globular clusters.
The paper then finished with a short mathematical analysis of the “Theoretical effects of
rotation” and a discussion of the observed radial velocities, listing fifteen objects of groups
and nebulae which were discussed in detail. From the results of these velocities and their
directions, Oort discussed the proper motion, assuming that the greater part of the
gravitational force was inversely proportional to the square of the radius, R. He then
suggested that the total gravitational force in this part of the galactic system was the sum of
two forces, K1 (which varies inversely with R2) and K2 (which was directly proportional to
R). Using the proper motion of 600 stars he determined that K2/K1 = 0.11 (although this
was subsequently changed to 0.29 prior to publication).
Oort concluded his paper with the comments that, from the radial velocities, it could be
shown that for all distant objects there were systematic motions varying in accordance with
their galactic longitudes. The simplest explanation for these observations was that of “...
non-uniform rotation of the galactic system around a very distant centre.” He proceeded to
discuss the various estimates being made of this centre. Based on the results suggested by
Stromberg of a maximum circular velocity, v, of globular clusters being equal to 272
km/sec, R would approximately equal 5900 parsecs, with Kreiken finding indications of the
direction of the centre at 314 degrees longitude (but this was not agreed to by others).
To explain this rotation Oort suggested there must be a mass of at least 8 × 10 10 times the
mass of the Sun, but such a large mass had not been observed. The probable explanation was
that the indication of a decrease of density in the Galactic Plane for larger distances was
mainly due to obscuration by ‘dark matter’. He concluded by discussing how the hypothesis
can be further checked (Oort, 1927).
These issues were important to the evolving concept of ‘dark matter’ as missing mass, as
this could not be resolved until the size of the Universe was determined and whether or not
our Galaxy was a separate entity. Once the size of our Galaxy was established, it would
then be possible to determine its mass and, as will subsequently be shown, demonstrate that
the abundance of visible luminous mass is insufficient to contain the rotating galaxy.
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Figure 60: Bertil Lindblad, 1895–1965
(after phys-astro.sonoma.edu).

.
4.6 J. Stebbins and C.M. Huffer
The pioneers of photoelectric photometry, Joel Stebbins (1878–1966) and Charles Morse
Huffer (1894–1981) from the University of Wisconson (see Shore, 2004; Genet, 1981,
respectively) presented a paper at the 50 th Meeting of the American Astronomical and
Astrophysical Society in 1933 supporting Trumpler’s findings (see Section 3.7), based on a
study of photoelectric colour-indices of 700 B-type stars measured with the 15-inch
refractor at the Washburn Observatory (see Figure 61), which confirmed the existence of an
absorbing layer along the central plane of our Galaxy.
These reddened stars were not distributed evenly along the Galactic Plane but were
grouped in certain regions, namely near the double cluster close to Perseus and in Cygnus
and Aquila. They extended from as far south as declination –15o and north to the Galactic
Centre in Sagittarius. The evidence indicated that the reddened B stars were not located in
regions of apparent obscuration but were in bright star clouds, or at the borders of dark
areas, but none was found in the middle of a large dark region. It was therefore concluded
that the scattering material in space was closely related to the stars
(Stebbins and Huffer, 1933).
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Figure 61: Joel Stebbins posing with the photometric photometer
attached to the 15-inch refractor at the Washburn
Observatory, University of Wisconsin (afterastro.wisc.edu).

4.7 Summary and Comment
Perceptions of the existence of ‘dark matter’ changed continuously from the era of John
Michell’s paper (1767) and the concept of the probability of a non-luminous body and his
geometric proof of such an object (which we now refer to as a ‘black hole’) through to
Stebbins and Huffer’s paper of 1933.
William Herschel’s paper “On the construction of the Heavens” in 1784 extended the
size of our Galaxy, and then Bessel, in 1845, argued that the numerous visible stars gave no
proof in respect of the existence of the number of non-luminous stars.
At the beginning of the 20 th century, Barnard produced his catalogue of ‘dark patches’ in
the sky, which drew the attention of astronomers to the possibility that there may be ‘dark
obscuring matter’ in the sky.
In 1920 the ‘Great Debate’ between Shapley and Curtis confirmed that our Galaxy was a
separate entity and there existed similar ‘island universes’ outside the limits of our Galaxy.
Curtis suggested our Galaxy was 30,000 ly in diameter and 5,000 ly thick. Pannekoek, in
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the same year, supported this estimate of the size of our Galaxy and commented on its
content of stars and dust. Today, this dust would be classified as ‘dark matter’.
An attempt to determine the amount of ‘dark matter’ in our Galaxy was taken by
Kapteyn in 1922, who confirmed that the Galaxy was rotating and determined the amount
of mass necessary to keep it in equilibrium. As there were insufficient luminous stars to
create the required mass, the difference must be explained by the existence of nonluminous matter.
In 1924 Elliot Smith named this non-luminous matter ‘dark matter’.
Finally, Oort (1927) made the important observation of a non-uniform rotation of the
galactic system around a very distant centre. From this observation suggested the cause of
this non-uniform rotation was a very large mass which cannot be observed, but may be
explained by obscuration by ‘dark matter’. In the next chapter we will discuss Zwicky’s
important paper on ‘missing mass’ which the above papers implied was necessary to hold
our Galaxy together.
_______________________________________________
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CHAPTER 5: FRITZ ZWICKY, SINCLAIR SMITH
AND THE ‘MISSING MASS’
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5 FRITZ ZWICKY, SINCLAIR SMITH AND THE ‘MISSING MASS’
Currently the best known paper published on the subject of the ‘missing mass’ was Fritz
Zwicky’s “Die Rotverschiebung von extragalaktischen Nebeln”, which in English translates
as “The red shift of extragalactic nebulae”.
Unfortunately this paper was published in 1933 in Swiss German in the Basel University
journal Helvetica Physica Acta, and therefore did not receive the international attention that
it deserved.
Fritz Zwicky (Figure 62) was born in Varna, Bulgaria (Figure 7, page 45), in 1898 to a
Swiss father who was a prominent industrialist (reference BEA). At the age of six Fritz was
sent to his grandparents in Glarus in Switzerland to study commerce, but his interest shifted
to advanced mathematics and experimental physics once he was at the Swiss Federal
Institute of Technology, which was located in Zurich. In 1925 he immigrated to the United
States to work with the Nobel Prize-winning American physicist Robert Millikan (1868–
1953) at the California Institute of Technology (Figure 63).

Figure 62: Fritz Zwicky, 1898−1974.
(after en.wikipedia.org/wiki.Fritz_Zwiky)

133

DARK MATTER from MICHELL to MACHOS
In 1942 Zwicky was appointed Professor of Astronomy at Caltech and was a staff member
of Mount Wilson Observatory and Palomar Observatory for most of his career.
In 1935, together with his distinguished colleague Walter Baade (Figure 64);
(see Osterbrock, 2001), Zwicky had pioneered and promoted the use of the first Schmidt
telescopes used in a mountain-top observatory. In 1934, he and Baade coined the term
‘supernova’ and hypothesized “that they were the transition of normal stars into neutron
stars, as well as the origin of cosmic rays.” (Baade and Zwicky, 1934, Pp. 258).It was
proposed at this time that supernovae could be used as ‘standard candles’ to estimate
distances in deep space (Baade and Zwicky, 1934, Pp. 259)

Figure 63: Caltech, where Zwicky conducted his research in ‘dark matter’
(after gradoffice.caltech.edu).

Zwicky’s paper on “The redshift of extragalactic nebulae” did not keep to its objective,
as it also moved onto a discussion of mass associated with the speed of rotation of these
nebulae.
The discussion was instigated because the new 100-inch telescope at Mt. Wilson
(Figure 52 page 115) showed that the luminescent blurred marks, previously shown in
small telescopes as differing structures of spherical, elliptical and spiral-like appearance,
were in fact nebulae lying outside our own Galaxy. Further, many were star systems similar
to our Galaxy. These extragalactic nebulae appeared to be evenly spread over the sky and
therefore it could be assumed that they were similarly spread through space.
Modern larger telescopes resolved several of the nebulae totally or partly into individual
stars. For example, the nebulae in Andromeda were resolved into a large number of
individual stars, and subsequent observations revealed spherical star clusters similar to
those within our own Galaxy. The finding of individual stars in the nebulae enabled two
methods to be used to determine their distances, i.e. the use of Cepheid variables and novae
as ‘standard candles’.
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Figure 64: Walter Baade,1893–1960
(after ira.inaf.it).

During this period Zwicky’s paper was complemented by Sinclair Smith’s (1936) paper
titled “Mass of the Virgo Cluster” (see Chapter 5.6), wherein Smith compared the results of
his work with that of Hubble (1929) who used line of sight velocities of members of the
cluster to determine its mass. He showed that the mass of a single nebula could be 200
times what Hubble had calculated.
Zwicky (1937) re-entered the discussion and suggested that current methods for
determining the masses of extragalactic nebulae were unreliable.
In 1942 Zwicky published a further paper on the subject titled “On the large scale
distribution of matter in the Universe”. Basically his arguments were to support his
assumption of a stationary rather than an expanding Universe.
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5.1 Determinations of Distances of Nebulae from Cepheid Variables
Cepheids are stars whose brightness varies with time, usually within the range of one and
sixty days. Absolute brightness is a function of the period of a specific Cepheid and
comparison with its apparent brightness allows its distance to be determined. Such
variables were found in the Small Magellanic Clouds by Henrietta Leavitt (1868–1921) at
Harvard College Observatory in 1912 (see Lang, 2007). She discovered in them an exact
correlation between their period and their medium brightness. The brighter they were the
slower their pulsations. The difference between apparent and absolute magnitude was the
same for all the stars in such a Cloud, which meant that for Cepheids the period varied in a
regular way with luminosity. This law does not apply to our Galaxy because of their
varying distances.
The Danish astronomer Ejnar Hertzsprung (1873–1967; see Herrmann, 1994), in 1913,
was able to fix the scale of the Cepheids luminosities and determined that a medium
absolute magnitude of –2.3 belonged to a period of 6.6 days. Leavitt determined for this
period a photographic magnitude of 14.5, which corresponded to 13.0 visually which meant
the apparent magnitudes were 15.3 magnitudes fainter than the absolute magnitudes. That
gave the distance to the Small Magellanic Cloud as 11,000 parsecs. Using better data, in
1918 Shapley modified this distance to 29,000 parsecs, which is larger than the dimensions
of our Galaxy (Pannekoek, 1961).
Using this calibration, the distance and diameter of the Andromeda Nebula were
determined at approximately 900,000 and 42,000 light years respectively By the end of the
1930s another eight Cepheids had been found in other nebulae
At distances of more than a million light years, the Cepheids could not be observed and
another method had to be found. This method relied on the assumption that in extragalactic
star systems, the relative frequency of the absolute brightness of stars was the same as in
our Galaxy. Examination of neighbouring systems seemed to be in agreement with this
assumption The brightest stars in our Galaxy and neighbouring systems had an average
absolute brightness of –6.1, with a dispersion of less than a half class size. A similar
analysis of distances to novae was also used (see references).
Zwicky (1933) also determined the distances to sixty extragalactic nebulae using two
methods, the period-brightness relationship for Cepheid variables and their absolute
brightness’s, matching the results with brightness distribution curves of the clusters,
enabling their distances to be calculated.
From the measured apparent brightness’s and knowing the distances to these nebulae
their absolute brightness’s could be determined. Based on these factors, a brightness
distribution curve could be drawn (see Figure 65).
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Hp= Apparent brightness (‘photographic’ magnitude)
Figure 65: Plot of the number of nebulae versus photographic magnitude (after Zwicky, 1933: 112).

The mean absolute visual brightness (magnitude) of the nebulae was –14.9, with a
dispersion of approximately five size classes, and the half-width of the distribution curve
was approximately two size classes. Unfortunately, this dispersion was too large to make an
exact determination of the distance to an individual nebula from its apparent brightness and
the distribution curve of the absolute brightness (magnitude).
However, because it seemed that nebulae tend to cluster in space, it could be assumed
that they were at approximately the same distance. It was relatively easy to determine the
distribution curve of the apparent brightness of nebulae in a cluster. This curve was
practically the same as the distribution curve of the absolute brightness (magnitude) of the
sixty extragalactic nebulae. A comparison of the average apparent brightness (magnitude)
of the nebulae in the cluster with the average absolute brightness (magnitude) value of –
14.9 then gives the distance to the cluster (Zwicky, 1933). Using this method the distances
to several nebulae were determined (see Table 4, Page 138).
Zwicky commented that the expected numbers of nebulae within a designated region
should correspond very accurately “with reality” for that part of the Universe that lies
outside the range of the Mt. Wilson Telescope. The statistical distribution was shown to be
approximately 74% spiral nebulae, 23% spherical nebulae and the rest of irregular
appearance. This section of the paper concluded with the comment that nebulae at very
large distances exhibited redshift in their spectra, a feature which then became the main
topic of his paper.
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Table 4: Nebulae and their distances (after Zwicky, 1933: 113).
Nebula

Distance
`l.y. (106)

Coma-Virgo
Pegasus
Pisces
Crab (Cancer)
Perseus
Coma
Ursa Major 1
Leo
Gemini

6
23.6
22.8
29.3
36
45
72
104
135

In 1916 the Lowell Observatory astronomer Vesto Merlin Slipher (1875–1969) was the
first to observe that certain nebulae exhibited redshifts equivalent to a speed of 1800
km/sec, but Slipher gave no indication of the distances to the nebulae (see Hoyt, 1980). The
connection between distance and redshift was first suggested by the Swedish-born Mt
Wilson astronomer Gustav Stromberg (1882–1962) in 1925. He found that the relative
speed between our Sun and the neighbouring nebulae was of the order of 500 km/sec and
these nebulae showed characteristics of the expansion of the system. Enormous numbers of
observations were carried out by several astronomers, including the Swede Knut Emil
Lundmark (1889–1958; see Teerikorpi, 2007), trying to relate redshift to distance, but
without any success.
A successful result was finally obtained by Edward E. Hubble in 1929, using the 100
inch Hooker telescope at Mt Wilson Observatory. Hubble reviewed the statistical
investigation of 400 extragalactic nebulae for which total visual magnitudes had been
determined. The list comprised nebulae in the northern sky with a magnitude of 12.5 or
fainter. The classification was based on photographic images. Three percent were irregular
and the remaining taking the form of a rotating symmetry around dominating nuclei. They
take two forms, the elliptical nebulae and the spirals which merge into each other.
The luminosity seems to remain constant as the distribution of magnitude appears to be
uniform through the sequence. In each type in the sequence the total magnitudes are related to
the logarithms of the maximum diameters:

mT  C  5log d
where C varies progressively from type to type in accordance with diameter for a given
magnitude or visa versa. By applying corrections to C all the nebulae can be reduced to
standard type with a single formula expressing the relation for all nebulae from the
Magellanic Clouds that can be observed. The value of C remains reasonably constant
throughout the sequence when the minor diameter is used.
The coefficient of log d corresponds with the inverse-square law suggesting that all of the
nebulae are of the same order of absolute luminosity so the apparent magnitudes are measures
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of distance. This hypothesis is supported by the small range in luminosities among nebulae
whose distance are already known. The mean absolute visual magnitude of nebulae whose
distances are known is – 15.2.
The statistical expression for the distance is: D= 4.04 + 0.2 mT
where mT is the total apparent magnitude.
This gives the mean values for absolute dimensions throughout the various stages in the
sequence of types. The masses appear to be of the order of 2.6 108 M sun
Using an exposure time of one hour with the 60 inch reflector, “the numbers of nebulae to
various limits of total magnitude vary directly with the volume of space represented by the
limits” (Hubble 1926). This would indicate a reasonably uniform density of space of
approximately one nebula per 1017 cubic parsecs or 1.5 1031 In C.G.S. units
“the corresponding radius of curvature of the finite universe of general relativity is of the
order of 2.7 1010 parsecs or about 600 times the distance at which normal nebulae can be
detected with the 100 inch reflector.” (Hubble, 1926).
Hubble observed nebulae with mean distances of between one and six million light
years and found a linear relationship between their speed and distances. The shift
corresponded to an apparent escape velocity of 500 km/sec per million parsecs. Zwicky
(1933) tested this relationship with thirty of his recorded nebulae and found that the
predicted redshift was reasonably correct.
Zwicky (ibid.) then tried using a spectrograph, which was fitted with a camera lens with
an aperture ratio f/0.6, to reach the furthest nebulae but because of the light pollution from
Los Angeles, it did not seem possible to observe beyond 200 million light years. The
redshifts of the different nebulae, expressed as apparent Doppler escape velocities are listed
in Table 5 and shown in Figure 66. Zwicky (ibid.) concluded that the cluster speed is
proportional to distance and arrived at a specific speed vs = 558 km/sec per million of
parsecs. The redshift of each individual nebula was the average taken from at least three
spectral lines.
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Table 5: Redshifts, expressed as Doppler escape velocities, and distances of different nebulae
(after Zwicky, 1933: 117).
Cluster
Virgo
Pegasus
Pisces
Cancer
Perseus
Coma
Ursa Major 1
Leo
Gemini

Number Nebulae
in Cluster
(500)
100
20
150
500
800
300
400
(300)

Apparent Light
Diameter (deg.)
12
1
0.5
1.5
2.0
1.7
0.7
0.6
-----

Distance
(Ly)
6.0
23.6
22.8
29.3
36.0
45.0
72.0
104.0
135.0

v km/sec

Average
Speed km/sec
890
3810
4630
4820
5230
7500
11800
19600
23500

Parsec

Figure 66: Graph of results from Table 5 (after Zwicky, 1933: 118).

The different absorption lines showed the same relative shift, exactly as expected in the
Doppler effect. Therefore for a certain nebula

 /  = constant = K = v/c = x.r.

(16)

where r is the radius of a sphere that contains a given number of nebulae. This applied
independently of the wavelength,  , and the shift comfortably illustrated the speed of the
mass. The same value of K also applied to the shift of the maximum of the continuous
emission spectrum.

140

DARK MATTER from MICHELL to MACHOS
The Coma system contained the best nebulae observed up to that date, giving the
results shown in Table 6.
Table 6: Apparent speeds (in km/sec) of individual
members in the Coma Cluster (after Zwicky, 1933: 119).
8500

6900

7900

6600

7000

6700
7600
5100(?)

The figure of 5100 km/sec may belong to a field nebula that was not part of the Coma
Cluster, but was observed with it. It was possibly in the foreground.
Zwicky’s paper (1933) presented a detailed study of the apparent speeds in the Coma
Cluster since the results were confusing because of the large variation in the speeds of the
members of the cluster. Zwicky commented that it was of interest that the average density
of the Coma Cluster was the largest observed up to date. These results again confirmed
that his previous calculations of distances were reasonably accurate.
A problem began to emerge when reviewing the apparent movements of the nebulae
over a period of twenty years, as recorded by the Dutch-born Mt Wilson astronomer
Adriaan van Maanen (1884–1946; Seares, 1946) in 1916, which indicated an angular
speed of 0.01 arcsec per year. Because of this small movement, only the bright nebulae
were considered. This seemed to contradict the distance determinations made by Hubble
(1929) as these distances, when combined with van Maanen’s angular speed, gave
extraordinarily high speeds of rotation. The suggestion that there may be an error in van
Maanen’s observations, due to movement of the reference stars that he used did not seem
to be the case, as van Maanen recorded similar results for thirteen nebulae
(van Maanen, 1916).
Van Maanen (Figure 67) calculated the independent rotation of an extragalactic spiral
nebula by measuring the movement of a single object in the nebula Messier 33. The
revised figures of 0.012 to 0.024 seconds per year, combined with the Hubble distance to
Messier 33 of 900,000 light years gave a rotation speed of 33,000 km/sec. This result
should be compared with that obtained by the Mt Wilson astronomers Francis Gladhelm
Pease (1881–1931; Hetherington, 2007) for NGC 4594 using the Doppler effect of 800
km/sec., which was a substantial difference for a similar object (Zwicky 1933). Zwicky
annotated his paper with the comment that further observations of Messier 33 put its
rotational speed at approximately 50 km/sec.
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Figure 67: Adriaan van Maanen, 1884–1946
(after- en.wikipedia.org)

Zwicky (1933: 120) then made a comment which could be translated as follows:
If we do not attribute van Maanen’s results to errors of observation then, when the
characteristics of nebulae are considered and if we don’t wish to abandon Hubble’s distance
definitions, we are facing a serious problem.

Van Maanen’s observations, made over many years, were published from 1916 (see also
Hetherington, 1972).
Zwicky speculated on what would be needed in a redshift theory to satisfy eight
demands covering such things as the Doppler effect, van Maanen’s observations,
absorption and dispersion of light, etc. He reviewed the then-current suggestions as to such
a theory from researchers like Friedmann, Tolman, Lemaitre, Einstein and De Sitter,
working in conjunction or independently on the density of the Universe and whether it was
expanding or contracting. He did not consider any then-current theory to be satisfactory.
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5.2 Cosmological Theories
During the previous few years, attempts had been made to explain Einstein's Theories of
Relativity and the expansion of the Universe using redshifts.
The simplest formula for the expansion of the Universe was determined by Einstein and
de Sitter (1932) by adding the so-called cosmological constant to Einstein’s field equation,
which postulates a repulsive force to compensate for Newton’s attraction for very large
distances. This difficulty was overcome if all masses in the Universe moved away from
each other. For an expansion rate of 500 km/sec, Einstein and the Leiden University
astronomer Willem de Sitter (1872–1934), Blaauw, (2007) calculated a mean density of
the Universe of 4 x 1028 g/cm 3 . They pointed out that Hubble estimated a density of
10 31 g/cm 3 was based on ‘luminescent matter’. It was therefore naturally possible that a
higher result could be obtained if cold ‘dark matter’ was included.

5.2.1 Extragalactic Nebulae
In 1926, using the 100 inch Hooker telescope at Mt Wilson Observatory, Hubble reviewed
the statistical investigation of 400 extragalactic nebulae for which total visual magnitudes had
been determined. The list comprised nebulae in the northern sky with a magnitude of 12.5 or
fainter. The classification was based on photographic images. Three percent were irregular
and the remaining taking the form of a rotating symmetry around dominating nuclei. They
take two forms, the elliptical nebulae and the spirals which merge into each other.
The luminosity seems to remain constant as the distribution of magnitude appears to be
uniform through the sequence. In each type in the sequence the total magnitudes are related to
the logarithms of the maximum diameters:

mT  C  5log d

(17)

where C varies progressively from type to type in accordance with diameter for a given
magnitude or visa versa. By applying corrections to C all the nebulae can be reduced to
standard type with a single formula expressing the relation for all nebulae from the
Magellanic Clouds that can be observed. The value of C remains reasonably constant
throughout the sequence when the minor diameter is used.
The coefficient of log d corresponds with the inverse-square law suggesting that all of the
nebulae are of the same order of absolute luminosity so the apparent magnitudes are measures
of distance. This hypothesis is supported by the small range in luminosities among nebulae
whose distance are already known. The mean absolute visual magnitude of nebulae whose
distances are known is – 15.2.
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The statistical expression for the distance is: D= 4.04 + 0.2 mT

(18)

where mT is the total apparent magnitude.
This gives the mean values for absolute dimensions throughout the various stages in the
sequence of types. The masses appear to be of the order of 2.6 108 M sun
Using an exposure time of one hour with the 60 inch reflector “the numbers of nebulae to
various limits of total magnitude vary directly with the volume of space represented by the
limits” (Hubble, 1926). This would indicate a reasonably uniform density of space of
approximately - one nebula per 1017 cubic parsecs or 1.5 1031 In C.G.S. units
“ the corresponding radius of curvature of the finite universe of general relativity is of the
order of 2.7 1010 parsecs or about 600 times the distance at which normal nebulae can be
detected with the 100 inch reflector.” (Hubble, 1926).

5.2.2 The Relation between the Expansion and the Mean Density of the Universe.
Einstein and de Sitter suggested (1932) that the non-static of the field equations related to
the general theory of relativity with a constant density do not necessarily confirm a positive
curvature of three-dimensional space. The curvature may be negative or zero.
No direct observational evidence for the curvature exists. The only direct observed data is
the mean density and the expansion. The latter proves that the actual universe corresponds to
the non-statical case. Therefore we cannot derive the sign nor the value of curvature from the
direct data of observation. This raises the question whether or not it is possible to represent
the observed facts without the introduction of a curvature.
The cosmological constant  was introduced to account in theory the existence of a finite
mean density in a static universe. However it has now been found that was not necessary in
the dynamical case to achieve a finite mean density.
Assuming the curvature to be zero, the line element is:

ds 2   R2  dx 2  dy 2  dz 2   c 2 dt 2

(19)

R is a function of t
c is the velocity of light
If the ignore the universe pressure p then the field equations without  leads to two
differential equations and using one the case of a zero curvature reduces to:
2

1  dR  1

  k
R 2  cdt  3
The observations give the coefficient of expansion and mean density:
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1 dR
1
2
; 
.
h
R cdt
RB
kRA2
From (20) the theoretical relation

1
h 2  kp
3

(21)

or

RA2 2

RB2 3

(22)

Taking for the coefficient of expansion
h= 500 km/sec. per 10 6 parsecs
or

RB  2 1027 cm.,

we find

RA  1.63 1027 cm

  4 1028 gr/cm 3
The calculated value of 4 x 10 28 g/cm 3 by Einstein and de Sitter does not appear foolish.
From this theory, based on results from Einstein, the following more exact relationship
for redshift was determined:

 /   xr 1  7 / 4 

(23)

This means that for large distances the redshift should be increasing faster than linearly
with distance. Because of the lack of past observations it was not possible to test this
important conclusion. However, Zwicky noted that recent observations of the largest
distances gave results of  /  ~ 1/7, which was large enough to suggest considerable
deviations (25%) from the linear relationship with distance.
The theory led to certain conclusions with respect to the distribution of brightness;
number and diameter etc. of nebulae and their dependence on distance. These had yet to be
tested. None of the then-current theories addressed the problem of the large dispersion of
the speeds in nearby nebulae such as those in the Coma system.
5.3 The Direct Influence of Light through the Existing Matter in Space
Zwicky (1933) confirmed that he had previously attempted to explain redshift as due to
different physical effects such as the Compton Effect, induced electrons in space, or the
Raman Effect, and he concluded that none of these effects played any substantial role in
explaining redshift.
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It was then suggested that there was another effect that could not be observed but was
theoretically possible. The theory was based on relativity theory corresponding to a photon
of frequency v and a mass of hv c 2 . There was a reciprocal effect (attraction) between
matter and light. If a photon travelled between two different points, P1 and P2 , whose
gravitational potentials were the same and emitted and absorbed energy, it would lose a
certain impulse and become redshifted. In this case the redshift  /  depended not only
on distance, but also on the distribution of matter. This hypothesis was still under
investigation. Finally, it could probably be said that none of the theories suggested up to
that time satisfactorily explained the cause of redshift: “All were developed on an
extremely hypothetical basis, and amongst them did not succeed in uncovering any new
physical practical connections.” (Zwicky, 1933: 123).
5.4 Remarks on the Dispersion of Speeds in the Coma Nebulae
Zwicky (1933) then discussed the rotational speed and mass of the Coma Cluster. In this
cluster there were apparent speed differences of 1500 to 2000 km/sec (ignoring the
individual speed of 5100 km/sec which most probably did not relate to the cluster). In
connection with this enormous dispersion of speeds, if one presupposed that the Coma
system was in equilibrium, it then followed from the Virial Theorem that

1
2

k    p

(24)

where  k and  p are the average kinetic and potential energies of the mean homogeneous
mass in the system. For the purposes of estimation it was assumed that matter was
homogeneously spread throughout the cluster. The cluster had a radius R of approximately
one million light years (10

24

cm) and contained 800 individual nebulae, each with a mass of

109 solar masses. Therefore the total mass, M, of the system is:
M ~ 800  109  2 1033  1.6 1045 gm

(25)

Since the total gravitational potential energy,  was

3 M2
 G
5
R

(26)

then the average gravitation potential energy was

p  / M

64 1012 cm 2 sec 2

(27)

12
2
2
2
so that  k  v /2 = -  p /2 = 32  10 cm sec . This gave
1
2 2

v 

 80 km/sec

(28)

for the theoretical rotational velocity based on the observed luminous mass.
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However, observations of rotational velocities using an average Doppler effect indicated
a speed of 1000 km/sec or more, which would mean that the central density of the Coma
System would be at least 400 times larger than that which has been observed, which
Zwicky suggested was very surprising. This meant that the ‘dark matter’ present was very
much larger in mass than the bright matter. If one used Einstein’s redshift interpretations
then a very much higher density of ‘dark matter’ was indicated than that calculated above
(Zwicky, 1933).
Zwicky highlights the tremendous difference between the theoretical mass necessary to
maintain the velocity dispersion within the galaxy cluster and the mass that had been
observed. There was simply not enough luminous matter.

5.5 Sinclair Smith
Sinclair Smith (Figure 68) was born in Chicago USA in 1899 and died tragically of cancer
in 1938 (Trimble, 2007). He received his bachelor's degree followed by his Ph.D. both from
the California Institute of Technology (Caltech). He spent the rest of his life in the physics
laboratory of the Mt Wilson Observatory, specialising in instrumental physics. He
developed radiometers in respect to their sensitivity to temperature, adapting for use as
detectors in stellar photometry. His most productive development was the f/1 quartz
spectrograph for use on a Schmidt camera.
The spectrograph was very fast which enabled it to record galaxies in the Virgo cluster
fainter than those recorded by Milton Humason. As Trimble (2007: 1068) notes, “Smith’s
analysis of his, Humason’s and Vesto Slipher’s radial velocities of cluster members, is the
work that brought him into the history of ‘dark matter’”
He is best known for his measurement of the gravitating mass of the Virgo cluster of
galaxies which confirmed the very large mass-to-light ratio that had been found for the
Coma Cluster by Fritz Zwicky (see Section 5.1).
Sinclair Smith’s (1936) paper on the “Mass of the Virgo Cluster” was the result of
considering the radial velocities of thirty-two members of the Virgo Cluster, from which he
determined some of the physical characteristics of the cluster. Previously masses of
extragalactic nebulae had been determined by obtaining line of sight velocities of different
parts of the nebulae. Using the same concept, Smith used the line of sight velocities of
different members of the cluster to determine its mass.
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Figure 68: Sinclair Smith, 1899–1938 (after ronaldflorence.com).

With this system Smith expected that from the calculation of the mass for the total
cluster, the mass of a single nebula within the cluster would nearly be the same as that
determined by Hubble (1929) for a single nebula. However, this was not the case, the result
from the cluster calculation being much higher. Smith further pointed out that both methods
suffered from serious limitations such as any acceleration of the nebula could not be
determined in a short time and an assumption had to be made that the nebulae were stable
and were not condensing or evaporating into the surrounding space.
From the observed data Smith produced graphs showing “... the distribution of velocities
as a function of distance from the centre of the cluster ... and the distribution functions of
cluster velocities.” (Smith, 1936: 26)
Smith first examined the data for cluster rotation. Figure 69 gives the distribution of
velocities across the cluster in right ascension and declination. The graph showed that if
there was any rotation, it must have been very small, but more importantly, there was no
accumulation of high velocities near the centre of the cluster. This is better demonstrated
by Figure 66 which shows the velocities plotted against the distance from the centre of the
cluster. Since there was no grouping of high velocities near the centre, Smith concluded
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that he was dealing with a stable structure. Figure 70 shows the line-of-sight velocity for
the whole cluster. The results shown have had the mean velocity of the cluster
(1225 km/sec) deducted from each observed value, giving the peculiar velocity of each
individual galaxy.

Figure 69: Distribution of velocities in declination and right ascension (after Smith, 1936: 25).

However, some of the cluster velocities were up to 1500 km/sec, which was assumed to
be their escape velocity. As these nebulae were at large distances from the centre, it was
reasonable to assume that the outer-most particles had rotational velocities of 1500 km/sec.
These figures indicate that the mass of the cluster was 10 14 solar masses. With an
estimated 500 nebulae in the cluster, the mean mass of a single nebula would be 2 × 1011
solar masses, which was 200 times Hubble’s estimate (1929) for a single nebula.

Figure 70: Distribution of velocities as a function of distance from the centre of
the cluster (after Smith, 1936: 26).

However, Smith (1936: 30) pointed out that:
It is also possible that both values are essentially correct, the difference representing internebula material, either uniformly distributed or in great clouds of low luminosity surrounding
the nebulae, as suggested by the recent great extension of the boundary of M31.
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Figure 71: Distribution of cluster velocities for velocity
intervals of 300 km/sec (after Smith, 1936: 26).

These results indicated that the cluster possessed a powerful gravitational field
supported by the fact that “... the mean peculiar velocity of the cluster nebulae is about four
times the 150 km/sec for an isolated nebula ...” (Smith, 1936: 30), as determined by Hubble
(1929).
This paper was an important contribution to our understanding of the masses involved in
galaxies themselves and the effect of the individual galaxies on the dynamics of clusters. It
could be concluded that nebulae leaving a cluster lost energy and those captured by a
cluster gained energy. The Coma Cluster analysed by Fritz Zwicky (see above) was similar
to the Virgo Cluster, and showed a similar range of velocities. Our Galaxy belongs to a
small group which, accordingly, only has a small range of velocities.

5.6 Fritz Zwicky on the Masses of Extragalactic Nebulae
Within a year Zwicky (1937) presented a paper suggesting that methods of determining the
masses of extragalactic nebulae from their luminosities or internal rotation were unreliable.

5.6.1 Masses from Luminosities of Nebulae
The observed absolute luminosity of any stellar system indicated the approximate amount
of luminous matter in the system. However, to determine reliable values of the masses of
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nebulae from their absolute luminosities, detailed information was required on the
following aspects:
(1) The conversion factor from absolute luminosity to mass varied for different types of
stars, which was the same for any type of luminous matter. In order to determine the
conversion factor for the nebula as a whole, one had to know the proportion of the various
forms of luminous matter in the nebula.
(2) It was necessary to know how much ‘dark matter’ was incorporated in the nebulae, such
as cool and cold stars, macroscopic and microscopic solid bodies, and gases.
(3) The amount the apparent luminosity of a given nebula diminished by internal absorption
of radiation owing to the presence of ‘dark matter’ had to be known.
Information on 1) was very meagre, and there was no accurate information on 2) and 3),
therefore there was insufficient information to use observed luminosities in order to
estimate masses of nebulae. At best, one could only furnish lower limits for these masses.

5.6.2 Masses from Internal Rotations of Nebulae
Zwicky (ibid.) suggested that some astronomers, using observations of internal rotations,
had what they considered good values for nebular masses, ranging from 10 9 up to 4 × 1010
solar masses. He further suggested that, unfortunately, it was highly indeterminable to
estimate the masses of the chosen mechanical models for a given distribution of average
angular velocities.
This conclusion was based on the analysis of two limiting models of nebulae as
mechanical systems. Firstly, for a nebula with a negligible ‘internal viscosity’, a model
could be constructed to contain many individual systems, none of which would interact
with the others. Hence the observed angular velocities would not indicate the mass of the
whole system. Secondly, the model could have a large ‘internal viscosity’, in which case it
would rotate like a solid body. Zwicky completed a mathematical analysis of such models
and showed that it was not possible, without additional information, to determine the
masses of the nebulae.

5.6.3 The Virial Theorem Applied to Clusters of Nebulae
Zwicky (ibid.) commenced his analysis of the mass of nebulae by using the Coma cluster as
a model, further assuming that it was a mechanically-stationary system. Based on these
assumptions, the virial theorem would give the total mass of the cluster “... in terms of the
average square of the velocities of the individual nebulae ...” (Zwicky 1937: 237), in the
cluster. From the total mass, the average masses of cluster nebulae were calculated by
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simply counting the number of nebulae in the cluster. Based on his mathematical analysis
he arrived at a figure of 9 × 10 46 gm for the total mass.
As the Coma cluster contained approximately one thousand nebulae, the average mass was
9 × 1043 gm = 4.5 × 10 10 solar masses, which was considered to be the lowest estimate for
the average nebula mass in the cluster.
As the luminosity of an average nebula was approximately 8.5 × 107 suns, the
conversion factor for luminosity to mass for the Coma cluster would be   500 as
compared with  '  3 for the local Kapteyn stellar system. This discrepancy was so great
that that the result required further research. This led to the conclusion that the total energy
of a stationary cluster of nebulae should be positive. This was not possible as the cluster
would not be in equilibrium but ultimately would fly apart.
From these results it could be concluded, firstly, that the most massive nebulae were the
least susceptible to disruption and, secondly, it would be expected that a considerable
number of stars were dispersed throughout the inter-nebular space between the clusters.
Zwicky (1937: 237) remarked that “Sufficiently large amounts of inter-nebular matter in
clusters might seriously change our estimate.” Zwicky then decided to undertake a series
of observations in an attempt to further understand the problem of the density of internebular matter in clusters, as compared to the density of matter in the general field.

5.6.4 Nebulae as Gravitational Lenses
The probability that foreground nebulae should act as gravitational lens and deflect the
light from background nebulae was thought to be very high (Zwicky 1937). The
observations of gravitational lenses would therefore enable an accurate determination of
nebular masses.
Zwicky (1937) concluded his paper with a statistical analysis of the size and number of
nebulae in different clusters and suggested different directions for future observations and
research to determine the individual masses of nebulae. He also commented that the
characteristic age of the Universe at 10 9 years was too short a time scale because of the
statistically stationary configuration of nebulae such as those in the Coma cluster.
5.7 Fritz Zwicky and the Large Scale Distribution of Matter
The results of Zwicky’s observations and considerations were published in a paper entitled
“On the large scale distribution of matter in the Universe” (Zwicky, 1942) in which he tried
to analyse those effects which governed the distribution of matter. The approach to the
problem was, firstly, to consider the occurrence of clusters of nebulae which contained
different numbers of nebulae; secondly, to examine “... the frequency distribution of
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nebulae or of stellar systems of varying mass and luminosity ...” (Zwicky, 1942: 490); and
lastly, to carry out the same analysis, but in respect to stars.
Zwicky opened his paper with a statement of the problem, the most conspicuous aspect
of this distribution being the large variety of types of condensations, from elementary
particles to increasing sizes of conglomerates all the way to stars and stellar systems and on
to clusters of nebulae, which were the “... largest known aggregations of matter which
possess individual characteristic structures.” (Zwicky, 1942: 489).
The occurrence frequency of these objects had been determined by purely observational
methods over the last few decades. This was important in itself to determine the
distribution, which at first sight seemed trustworthy. However, a close investigation of the
problem suggested that the observational approach was subject to serious oversights.
Zwicky (1942: 490) suggested this method was the victim of the “... ever present demon of
selectivity ...” as it started from a priori premises and therefore missed out on the totality of
all natural phenomena. The paper then proceeded to discuss the results of those
observations that were based on the luminosity function and concluded against using this
system.
This reservation about the use of the luminosity function was based on the lack of
independently-found luminous objects in sufficient quantities in each nebula to contain a
substantial portion of the luminous mass.
Zwicky suggested that there were very faint nebulae that could not be observed with the
current telescopes but which should become visible with the 18-inch Schmidt Telescope on
Palomar Mountain (Figure 72) and indicated some principles by which they could be
efficiently found. From these sightings he suggested that six of the most interesting should
be investigated with the new 100-inch telescope, and they were eventually photographed by
Hubble (Zwicky1942:499). The six nebulae included two in Leo and in Sextans, which
turned out to be newly-discovered extremely faint members of the Local Group. The
photographs showed that there were no central condensations or large irregularities in
surface brightness.
The paper went on to discuss the luminosity function of the Local Group and the Virgo
Cluster of nebulae and its surrounding regions. From the observations Zwicky suggested
that curves could be compiled that would show the radial distribution of nebulae of
different mass, which should be found in a stationary cluster of nebulae. In respect of
distant clusters he suggested that the number of individual nebulae be counted with the
large telescope, their luminosities determined and then the integrated brightness of the
nebulae calculated. The total brightness of the cluster could then be determined by running
micro-photometer tracings across the photograph of the cluster. The difference between the
readings would give an estimate of the contribution being made by the indiscernible
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nebulae. Care would have to be taken to ensure that there were no stars, or at least very few
stars, in the foreground of the clusters.

Figure 72: The 18-inch Palomar Schmidt Telescope (after palomarskies.blogspot.com).

Zwicky added his support to the theory of a stationary rather than an expanding
Universe by listing the evidence, which can be summarised as follows:
(1) “The observed large scale distribution of matter in space and in velocities exhibit the
degree of uniformity, which permits the assumption of a stationary universe.”
(Zwicky, 1942:502).
(2) “A large proportion of the clusters of nebulae exhibit quantitatively correct
characteristics of stationary assemblies.” (ibid.).
(3) By using two reduction factors affecting density and distance from the centre, and the
observed radial distributions of the number of nebulae in a cluster, all of the known
distribution curves of globular clusters could be reduced to one standard curve.
(4) The velocity distribution in clusters of nebulae was independent of the distance from the
centre.
(5) It had been estimated that the time for the formation of a stationary cluster of nebulae
was of the order of 10 18 years. Such clusters could not have existed in a greatly
contracted Universe which only allowed a few billion years for them to form.
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(6) According to Boltzmann’s principle, nebulae of different mass would be segregated
during the formation of clusters in a stationary universe.
(7) “A number of the structural and kinematic features of nebulae such as the density and
velocity distributions in globular and elliptical nebulae furnish most convincing
evidence that these nebulae have reached statistically stationary states and the
procedure employed in derivation of the fundamental relations and concerning the
luminosity function of nebulae can thus be directly justified.” (Zwicky,1942: 503).
(8) The assumption of a stationary universe was also supported by the second-order effect
in the redshift of light from nebulae. Zwicky (ibid.) quoted a conclusion reached by
Hubble (Zwicky,1942: 503).
Careful examination of possible sources of uncertainties suggests that the observations can
probably be accounted for if the redshifts are not velocity shifts. If redshifts are velocity
shifts, then some vital factor must be neglected in the investigation.

In conclusion Zwicky (1942) stated that the hypothesis of an expanding Universe would
explain the instability of a uniform distribution of matter and confirm that redshifts were
due to real velocities. But this hypothesis contradicted several features of the large-scale
distribution of matter, which could be explained by a hypothesis of a stationary Universe.
In this case there must be another cause of the redshift such as the gravitational drag of
light. This was previously suggested by John Michell in the eighteenth century when he
calculated the size of a non-luminous body from which light could not escape due to its
gravity. If the body was smaller in size light could escape, but at a reduced velocity
(Michell, 1784).
5.8 Summary and Comment
Zwicky was subsequently proved incorrect as the known Universe was found to be
expanding and redshifts were due to that expansion. It was unfortunate that his strong views
on all of the known cosmological theories at that time may have helped discouraged
research into the effect of ‘dark matter’ for approximately twenty years. Also, at this time
after the end of the Second World War, saw the conversion of abandoned radar antennas to
radio telescopes.
This chapter also included the short paper by Sinclair Smith, published in 1936, applying a
similar analysis to that used by Zwicky, but to the Virgo Cluster. Smith suggested that based
on the calculated total mass and the observed velocities; the Cluster must possess a powerful
gravitational field. This field must arise from inter-nebular material, uniformly distributed or
in great clouds of surrounding material.
It can said from the beginning of Chapter 4, with Schwarzschild, ‘The Great Debate',
Kapteyn, Oort, Zwicky and others, to the end of Chapter 5, the underlying theme of the size
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of the Universe (and our Galaxy) and its mass became reasonably well understood. There was
‘missing mass’ involved, and that mass was probably ‘dark matter’. Its existence was
necessary to account for the motion of stars within galaxies and similarly the motion of
galaxies within clusters to prevent them from flying apart.
_____________________________________________
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CHAPTER 6: ‘DARK MATTER’ and GALAXIES
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6.0 ʽDARK MATTERʼ and GALAXIES
After Zwicky’s comments on the accuracy of the search for 'dark matter', there does not
seem to have been any immediate follow up to his suggestion that further observations should
be made of very distant faint nebulae. This could be because opportunities in astronomy and
astrophysics had greatly widened.
In astrophysics, from 1947 until 1970 the emphasis was on spectra, spectrographic
observations, spectrophotometry, absorption and emission lines and radial velocities etc. The
availability of surplus RADAR antennas at the end of the World War II also prompted the
rapid growth of radio astronomy (e.g. see Sullivan, 2009).
However, interest re-emerged in the early seventies in trying to determine the mass of
galaxies, which eventually confirmed the findings of the previous era (which had ended in the
nineteen forties) that there was something 'missing,' particularly in respect of the visible
mass of spiral galaxies.
In this Chapter we will discuss the mathematical proofs and analyses used to confirm what
had already been deduced by observation, as described in Chapters 2-5.
The first significant paper during this new era of investigation was by Kenneth C. Freeman
(1970) in the Astrophysical Journal, which discussed the difference between the spheroidal
and exponential components of spiral and S0 galaxies. However, the first paper to actually
discuss 'dark matter' was by Einasto, Saar and Kaasik in 1974, confirming that they had
found empirical indications of the effects of hidden matter on the dynamics of single and
double galaxies. This matter was thought to form the coronas of massive galaxies and they
suggested that the total mass of our Galaxy was twice the mass of the visible objects in it.
This was the same conclusion suggested by Kapteyn in 1922 in his paper on the arrangement
and motion of the 'sidereal system', as discussed in Chapter 4.
This estimate was quickly upgraded to a factor of 10 by Ostriker, Peebles and Yahil (1974),
and their conclusion was followed by a suggestion from B. Margon (1975) and from
G.A. Shields (1978) that the answer to ‘missing mass’ may be a variable force of gravity.
M.E. Bailey (1982) offered more detailed analysis of the mass-to-light ratio of the Coma
Cluster and was the first to suggest that massive neutrinos may be the missing mass.
In a further attempt to measure the effect of mass, Vera C. Rubin et al. (1983) posed the
following question “Is the distribution of luminosity in galaxies a reliable indicator of the
distribution of mass in the universe”? The conclusion that they reached was that it was not.
A different perspective was offered by P.J. Peebles (1984) on 'dark matter' using a
theoretical analysis by forming a cosmological model based on the most popular theories of
that time. Details of his many assumptions were given, which if confirmed would lead to a
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more realistic model. Blumental et al. (1984) suggested a Universe based on a particle
analysis wherein 'dark matter' is cold, which seemed reasonably consistent with the observed
large scale clustering. They were the first to propose the concept of non-baryonic 'dark
matter'.
At a Royal Society Discussion meeting in 1985 T.S. van Albada and R. Sancisi (1986)
reviewed the observational evidence for 'dark matter' in spiral galaxies based on a comparison
of the distribution of light and the rotation curves of the galaxies. It is interesting to note that
they used the Sombrero Galaxy with its obvious ring of 'dark matter', similar to such rings as
suggested by Elliot Smith in 1924 (see Chapter 3.4). They also concluded that the distribution
of light was not a good guide to the distribution of mass in the Universe.
The discussion then returned to the studies of the size of our Galaxy, our distance to its
centre and the rotational speed of the Galaxy as presented in Virginia Trimble's outstanding
review (1987) of 777 papers that indicated current thinking at that time. Her results are
tabulated and discussed later in this Chapter.
In an attempt to answer the question: What is 'dark matter'? The IAU held a conference in
1987 entitled “Dark Matter in the Universe”. In the opening paper Sandra Faber (1987) set
out the key issues. John N. Bahcall (1987) re-introduced the results of work he completed in
1984 in respect to unobserved material near the Sun. An interesting paper was presented by
J. Ostriker (1987) who tried to clarify the confusion that was developing about the concepts
of 'dark matter' and missing mass.
This Chapter then moves on to individual discussions by Marc Davis, Joseph Silk,
A.C. Fabian et al. and Ken Freeman on the presence of 'dark matter', the formation and shape
of our Galaxy. Ken Freeman’s paper is of particular interest as it discussed the galactic dark
halo which again relates back to the suggestion made by Elliot Smith
(see Paragraph 3.4).
The final paper that is discussed in this chapter has the title: “DDO 154: A Dark Galaxy?”
and relates to a gas-rich dwarf irregular galaxy which was analysed by Carignan and
Freeman. Based on their results they considered DDO154 to be a 'dark' galaxy because
90% of its mass at 7.6 kpc was contributed by the dark component.
6.1 Ken C. Freeman
The basis of this paper by Freeman (1970) was surface photometry which showed the
difference between the spheroidal and the exponential components of most spiral and SO
galaxies. A spheroid surface is produced by rotating an ellipse about either its major or minor
axis. The study concentrated on the exponential component and was based on results from
thirty-six spiral and S0 galaxies. Part of the research was to establish the circular-velocity
field and the mass-angular momentum densities and their proportion of the total light for each
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of the spheroidal and exponential components. The results of this research became known as
Freeman's Law which states that disk galaxies have a constant surface brightness  .
Kenneth Charles (Ken) Freeman, FRS, FAA (Figure 72), was born in Perth (Western
Australia) and studied mathematics and physics at the University of Western Australia,
graduating with first class honours in applied mathematics in 1962. He moved to Cambridge
University to work with Leon Mestel and Donald Lynden-Bell, completing his PhD in
theoretical astrophysics in 1965. After a short period at the University of Texas and a
Research Fellowship at Trinity College, Cambridge, he returned to Australia as a Queen
Elizabeth Fellow at Mt. Stromlo and Siding Spring Observatories where he has remained,
except for some short sojourns.
His interests are in the formation and dynamics of galaxies and globular clusters and the
effect of 'dark matter' within them. He was one of the first to point out that spiral galaxies
contained a large fraction of 'dark matter'.
Freeman's (1970) paper opened with a discussion of the various rotational curves, the mass
– angular momentum distribution and moved on to photometric properties of the disk,
including a table of the data for the thirty-six galaxies. Freeman then discussed the correlation
between absolute magnitude and the length scale for the exponential disks, as the disk usually
provided most of the blue light. He summarized this part of his paper with the comment that
twenty-eight of the galaxies surveyed had approximately the same disk luminosity scale
magnitude per square second of arc, which explained “...the observed correlation between
apparent magnitude and the diameter for spiral systems” (Freeman, 1970: 822).

Figure 73: Kenneth Freeman: 1940─ (after en.wikipedia.org/wiki/Ken_Freeman)
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In his discussion Freeman commented on the assumption that a “...radially uniform B-V
colour in the disk means a radially uniform mass/luminosity ratio” (Freeman, 1970: 822-823).
He noted that Robert (1969) had suggested that the mean ratio of total mass to blue light for
spiral galaxies of a given type was approximately the same for all types. He then made an
analysis of the various laws that had been proposed with respect to the ratio of light to
disk and ratio of light to the total mass of the Galaxy. A similar analysis was carried out on
the mass-angular momentum distribution for the exponential disks, which were in centrifugal
equilibrium, with emphasis on what occurred when a proto-cloud collapsed to form a galaxy.
Freeman offered a specific conclusion that nearly all spiral galaxies had a central mass
concentration higher than that of the exponential disk. But this raised the questions: why was
the disk that formed from this process exponential? Also, why did most of the disks in the
sample have about the same surface-brightness scale, despite the large range in absolute
magnitude? These two unanswered questions formed Freeman’s short conclusion
(Freeman, 1970). The subject of this paper is developed further in 6.13.7

6.2 J. Einasto, E. Saar and A. Kaasik
A short paper was published in Nature by J. Einasto, E. Saar and A. Kaasik (1974) entitled
“Missing mass around galaxies: morphological evidence” in which they reiterated that they
had found empirical indications of the effects of hidden matter on the dynamics of single and
double galaxies. They suggested that this matter formed the coronas of massive galaxies and
that the total mass of the galaxy was twice the mass of the visible objects.
Further, massive galaxies were surrounded by clusters of small galaxies and investigations
of their coronas led the authors to the discovery of a correlation between the morphological
types of these companion galaxies and their distance to the parent galaxy. The study was
based on data from companions of our Galaxy and three external spiral galaxies, M31, M81
and M101. The results were given as a graph of luminosity (in solar units) versus distance
from parent galaxy and showed that the regions of elliptical and non-elliptical companions
were sharply separated (see Figure 74).
This separation was connected essentially to one property, the presence or absence of
interstellar gas in the companion. Spiral and irregular galaxies which contained a lot of
interstellar gas were to the right of the separation lines whereas elliptical galaxies which
contained little or no gas were to the left of the line. A simple estimate showed that the
segregation mechanism was not related to tidal interaction which was too weak to have an
effect. Unless there were very artificial conditions during the formation of the galaxy, the
only possible cause of the interaction of the galaxies was intergalactic matter surrounding
massive galaxies.
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To understand this, they assumed there was a lot of gas in the corona of a massive galaxy
and that the companion galaxy had its own gas. When it moved through the coronal gas of the
parent galaxy, the companion galaxy would only preserve its gas when the gravitational
binding on its gas was stronger than the pressure of the coronal wind. Based on the accepted
formulae for calculating the gravitational binding energies and the pressure of the coronal
wind, it was calculated that with an increasing radius from the centre of the parent, the
density of the parent coronal gas decreased at a particular radius, and the conditions for
preserving the companion’s gas improved while inside that radius, (i.e. within the inner
regions of the corona). Only elliptical galaxies were observed to have the gas blown away.
The authors calculated the mass of the gaseous corona based on the radius where the
gravitational binding energy was approximately equal to the coronal wind pressure
(Einasto et al.,1974).
The conclusion from their paper was that the formation of galaxies was not very efficient in
condensing all the diffused matter in space into stars as originally suggested by Oort. The
data suggested “that the intergalactic gas is not randomly distributed between galaxies, but is
concentrated around massive galaxies, forming their coronas” (Einasto et al.,1974: 112).

Figure 74:Plot of the blue luminosity as function of distance from the parent galaxy for the
companions of our Galaxy and three external galaxies, M31, M81 and M101. Elliptical
companions populate the area to the left of the segregation line, with
non-elliptical companions to the right of the line.
The presence of three spiral and irregular companions left of the
segregation line is due to the projection effect;
two elliptical companions right of the line have apparently more elongated
orbits than other companion galaxies.
 = Ellipticals; =spirals: + =irregulars” (after Einasto et al, 1974:112).
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It was further concluded that the formation of dwarf elliptical companions of our Galaxy
stopped soon after the formation of the Galaxy and this sudden stop blew out the gas from the
nearby companion galaxies early in their history.

6.3 J.P. Ostriker, P.J.E. Peebles and A. Yahil
Within a few months another paper on this subject was published, entitled “The Size and
Mass of galaxies, and the Mass of the Universe” by J.P. Ostriker, P.J.E. Peebles and A. Yahil
of Princeton University (1974). They suggested that there were many substantiated cases
emerging where the mass of ordinary galaxies may have been underestimated by at least a
factor of ten. As the mean mass of the Universe was computed from the typical mass of a
galaxy multiplied by the observed number of galaxies, then the mean mass of the Universe
would similarly be underestimated by the same factor.

Figure 75: Nassau Hall: Oldest building at Princeton University, Completed 1765.
(after http:en.wikipedia.org.en.wikipedia .nassau.hall )
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Figure 76: Cleveland Tower-Princeton University
(after en wikipedia-Princeton University)

 is the ratio of density to the critical density, sometimes known as the density parameter
and was estimated at 0.01. The critical density was the mean density of matter that was
required for gravity to halt the expansion of the Universe. A Universe with a low density
would continue to expand but if the density was high, the Universe would eventually contract
and collapse. However, if the estimated mass of each galaxy was increased by more than a
factor of ten, increasing the ratio by the same amount, then observations may be consistent
with a Universe that was ‘just closed’ (  = 1).
It should be remembered that measurements of mass were based on a balance between the
gravitational force of attraction and inertial forces in an interacting system of gravitating
masses, which was neither expanding nor contracting. The authors reminded their readers that
“...masses found by observed light multiplied by assumed mass-to-light ratios, are not
measured...” (Ostriker et al. 1974:L1).
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Figure 77: Princeton University Chapel ( after http://upload.wikimedia.org/wikipedia
/commons/c/c4Princeton_University_Chalel_2003.jpg)

Secondly, observers cannot measure any gravitational information about any matter
distributed homogeneously in spherical shells external to them. For example, mass
measurements of two gravitationally interacting objects, such as two galaxies or a gas cloud
in orbit about a galaxy, would supply no knowledge of the spherically-distributed mass, if
any, surrounding them. The rotation curve of the Sun’s orbit supplied very little information
on the disk mass exterior to the Sun (r > 10 kpc.) and virtually no information about the
surrounding halo mass.
In the past it was thought that measurements with r < 20 kpc indicated that the mass M(r)
had converged to a limiting value. However, it appears that this was not the case as recent
available evidence suggested the masses of the galaxies diverged with increasing distance,
contrary to the indication that luminosities of the flattened components of spirals and S0
galaxies appeared to converge.
The evidence suggested that within local giant spiral galaxies
M(r)  r for 20kpc  r  500 kpc.
The suggested density distribution could be compared to that for the outer parts of
isothermal gas spheres:
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If the observed galaxies are embedded in enormous isothermal spheres comprised of optically faint
mass points, they may be the result of the collapse phase and subsequent violent relaxation within
the original collection of stars, globular clusters, etc., that separated from other parts of the
Universe at the period of galaxy formation and now exists as a halo with a very high mass-to-light
ratio surrounding the more visible, largely second-generation part of the galaxy.

(Ostriker et al., 1974:L1).
The mass-to-light ratio could be determined from dynamically observed masses of the most
accurately studied galaxies together with their measured luminosities. Based on the measured
dimensions of giant spirals within the local group with M / L = 200t101M sun / Lsun , where M
is the mass within ~0.5 Mpc, L the measured light within ~0.02 Mpc of centre and t10 the age
of the Universe in units of 1010 year, the local mass density can be estimated at
2x10-30h1 t10-1 g cm-3 in spiral galaxies. This gave   (  /  crit. )  0.2 x 100  0.5 for h  0.5,
which was similar to the result obtained by Einasto et al. (1974).
Table 7. M(r) for Spiral Galaxies (after Ostriker et al. 1974: L2).
___________________________________________________________________________
Object
#
log 10 (R Mpc )
Method
log10 ( M12 )
___________________________________________________________________________
1 Galaxy.....................
1
-2.05  ?
-0.84  0.07
Rotation
2 Local giants............
3
-2.00  0.10
-0.92  0.14
Rotation
3 Field doubles.......... 20
-1.77  0.20
-1.62  0.30
Binary
4 Virgo doubles......... 23
-1.68  0.20
-0.50  0.30
Binary
5 Local Giants............
3
-1.69  0.10
-0.74  0.10
Rotation
6 Local Giants............
3
-1.52  0.10
-0.60  0.16
Rotation
7 Dwarf spheroidals...
3
-1.14  0.04
-0.60  0.55
Tidal
8 Field doubles .........
9
-0.98  0.11
-0.15  0.32
Binary
9 Dwarf spheroidals...
3
-0.69  0.03
+0.59  0.35
Tidal
10 M81 group..............
7
-0.15  ?
+0.30  ?
Virial
11 M31 group..............
6
-0.22  ?
+0.72  ?
Timing
.12 Local groups.......... 200
+0.04 
+0.30  ?
Virial
__________________________________________________________________________________

The paper moved on to a more detailed analysis of the mass and mass-to-light ratio of spiral
galaxies. The results of several studies used to obtain the function M(r) of the best observed
local giant spiral galaxies are presented in Table 7 and in graphical form (Figure 78) with
details of how the results were obtained.
Figure 78 confirms the previous conclusion that there was a general trend of significantly
increasing mass with increasing radius.
The authors then designated M/L as the ratio of the total galactic mass to the photographic
light within the radius of ~20 kpc (basically the Holmberg radius) in solar units. Then, for the
Local Group and M81 group, f sp  (M/L)spiral  (5 x 1012 )/(2.5 x 1010) = 200.
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12

Figure 78: Mass (unit 10 M sun ) of local giant spiral galaxies
within a distance (R/1 Mpc) of their centers, as determined
by various methods (after Ostriker et al., 1974: L2).

As the mass determinations were not significantly dependent on the Hubble Constant and
the local group related to t10, then
fsp = 200h0t101

(29)

and the mass-to-light ratio of elliptical galaxies was
fel = 300 h 1 .
The most plausible explanation for the very large mass-to-light ratio and the great extent of
spiral galaxies was the presence of a giant halo of faint stars. This superficially improbable
structure had been proposed as it would ensure dynamical stability of a cold disk of stars
against non-axisymetric disturbances and it supported the proposal that the spherically
distributed (halo) mass interior to r ~ 10 kpc was substantial. This would require the interior
halo to have a large mass-to-light ratio, i.e. f~ 50-100. If the spherical halo exterior to
r~ 10- kpc was as large as that of an elliptical galaxy and the mass-to-light ratio stayed large,
then the mass of the outer parts of the spiral galaxies must have been large. This indicated
that “...within the current observational uncertainties the masses associated with ordinary
spiral galaxies may make a cosmologically interesting contribution” (Ostriker, et al., 1974).
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This paper supported the argument that a non-observable mass existed within the galaxies and
a large part of this mass was in the outer regions of each galaxy.

6.4 Nathan Krumm and E.E. Salpeter
Krumm and Salpeter published a paper in the Astronomical Journal in August 1979
entitled “Neutral Hydrogen observations of 14 nearly edge-on spiral galaxies.”
H1 spectra were taken along the major axes of 14 large relatively edge-on spiral galaxies
with the 21 cm circular feed at Arecibo Observatory in South America.
A procedure was developed to subtract contributions from the first sidelobe of the beam.
From the corrected profiles isophotal hydrogen diameters and rotation curves were derived
for seven more extended cases. Velocity disturbances seem to be more common for galaxies
with close companions than for isolated galaxies. As discovered by other astronomers,
rotation curves tend to be flat at least out to the Holmberg radius which suggests the presence
of ‘dark matter’ in the outer regions of spiral galaxies. Comparison with early-type disk
galaxies shows that (a) H1 diameters vary much less with Hubble type than do H1 masses, (b)
the surface density of gravitational mass to luminosity varies little with the Hubble type.
The major conclusions made from the study were as follows:
(1) Although the hydrogen content of galaxies is known to be a strong function of the
Hubble Type the full extent of the content may not be known. The hydrogen extent varies
greatly among early type galaxies, however gas-rich S0 and Sa galaxies often as large a ratio
of isophotal H1 diameter to Holmberg diameter as many Sc galaxies.
(2) Gravitational mass within the Holmberg diameter is not a strong function of the Hubble
type. The mass-to-light ratios within the Holmberg diameter cover almost the same range for
the late type galaxies within the present study. That is the same range as for the six early type
galaxies observed with the same equipment previously used by Krumm and Salpeter.
Assuming H o  70kms 1Mpc 1 and the definitions set out in the present paper, the mean
mass-to light ratio is 6 with a dispersion of 3.
(3) Early-type disk galaxies tend to have a higher surface density of mass than the later-type
spirals. This effect has been confirmed by others.
(4) The rotation curves of late type galaxies are generally flat throughout the disk and well
beyond the Holmberg diameter in some cases. This would imply a servo-mechanism
distributing mass in spiral disks, and also means that there is an unknown but large amount of
‘dark matter’ beyond the visible galaxies.
(5) The velocities in the outer regions of close binaries seem disturbed. Some anomalies
appear to be due to isolated clouds along the line of sight. Also there is some variation along
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the major axis of the mean velocity of a pair of points equidistant form the centre. Isolated
galaxies seem to have fewer such velocity disturbances, but NGC 925 is an exception.
(Krumm and Salpeter, 1979)
6.5 Gregory. A. Shields
Gregory A. Shields (1978) made a suggestion in a letter to Nature, that the constant G
decreased as the Universe expanded, which was the subject of continuing experimental and
theoretical interest. Shields used this possibility to explain "...the low luminosity of the
‘missing mass’ in clusters of galaxies and heavy haloes around spiral galaxies, in terms of the
rapid initial evolution of a generation of primordial stars.” (Shields, 1978: 519).
This reconfirmed previous conclusions that, based on the mass to light ratios, the total mass
of a rich cluster exceeded that of the luminous mass by a factor of >10. Based on rotation
curves and stability arguments, the heavy haloes of spiral galaxies had more mass than the
disk but with very little luminosity.
Shields combined the heavy haloes with the missing mass under the heading of ‘dark mass’.
He then introduced suggestions made by Martin J. Rees that much of the cosmic material
formed into a generation of primordial stars (Pop.III) shortly after recombination. They could
be the dark mass if they all had masses M  0.3M sun . Rees had further suggested that the
initial mass function of Pop. III stars may have been similar to that for more recent
populations. Shields commented “...that Pop.III were depleted in living massive stars because
of accelerated stellar evolution due to a large value of G when the Universe was young.”
(Shields, 1978: 519).
Based on the fact that a star exhausts its nuclear fuel and ages more quickly with a larger G,
1
1
Shields then produced two tables based on H 0  50 kms Mpc and H 0  100 kms Mpc.
1
However with H 0  100 kms Mpc, the Universe would be younger than the evolutionary

age of globular clusters. The author then relied on a statement by Dicke that this discrepancy
could be removed if G varied. He went on to suggest that the true age difference between
47Tuc and M155 would be brought into agreement with the free-fall collapse time of the
galactic halo, even though there was no evidence for a rapid collapse.
Strong evidence for a variable G would be supplied by observation of a star population with
evolutionary ages definitely greater than H 01 , which could be termed ‘hyper-evolved stars’.
Based on H 0  50 this would have required a lapsed event time of 20,000 Myr. Observation
of Pop.III stars in the Galaxy with a total mass of less than 0.7 solar masses would suffice.
Another possibility was that some dwarf spheroidal galaxies formed sufficiently early to be
hyper-evolved (Shields, 1978).
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Figure 79: Professor Gregory A. Shields
Jane and Roland Blumberg Centennial Professor
in Astronomy at the University of Texas
(www.as.utexas.edu/~shields/shields.html)

Shields offered a discussion of what the possibilities are if G varies but offers no evidence
that it did.

6.6 M.E. Bailey
Professor M. E. Bailey from the department of Astronomy at The University,
Manchester, England, and is the Director:
Armagh Observatory, College Hill Armagh
Northern Ireland.

The Armagh Observatory is the oldest scientific institution in Northern Island., the
longest continuously operating astronomical research institute in UK. and Ireland.
A more detailed analysis of mass-to-light ratios was published by Bailey (1982) suggesting
a simple spherically symmetrical two-component model based on observations of the Coma
cluster of galaxies. It was found that the best fits to observational material were those models
which had a mean visual mass-to-light ratio M/Lv ranging from  100h to  400h
(h=H 0 /100 kms

1

1

Mpc ). The existing data allowed considerable leeway in the models and

there was no need for  d(r), the density distribution of the 'dark matter', to be similar to the
density 

gal(r)

of the visible galaxies. If multi-component evolutionary models confirmed

that this was the case, it would cause a further source of doubt in the cluster mass-to-light
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ratios. This would also apply to any results depending on assumptions about mass
distribution.

Figure: 80 Armagh Observatory, Armagh North Ireland.
(after www.arm.ac.uk/ )

The author made an analysis and comparison, in graphical form, of the results obtained by
Rood et al., in 1972, Thompson and Gregory in 1975 and 1978, King in 1972, and
de Vaucouleurs in 1970. Rood et al. was shown in the first graph Figure 83, the projected
galaxy density distribution versus the projected radius R. The data points taken from
Rood et al. are the open circles and triangles, the filled circles and crosses. The filled squares
with error bars were taken from Table 3 shown in Thompson and Gregory in 1978. The
logarithmic shifts indicated the amounts the samples were shifted to match the profiles to one
another. These shifts were given by Rood et al.
Bailey completed a further graph showing the surface density distribution for a onecomponent model versus projected radius R based on the one-component models of King (K)
and de Vaucouleurs (DV), and the analytic model of King (AK) but the curve was basically
the same as for density distribution versus radius R (Figure 83). All these models provided an
acceptable fit to the surface density data but, because there was no strong theoretical reason
for suggesting one was better than the other, the galaxy density distribution in Coma must be
regarded as poorly understood.
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Figure81: The projected density galaxy distribution (after Bailey 1982: 273).

Another way to assess the models was the line of sight projected galaxy dispersion, and
again the observations showed little difference between the models. This was shown in
Figure 83 for the dimensional line-of-sight observed galaxy velocity dispersion for
representative two component models versus the projected radius R.

Figure 82: The dimensionless line-of –sight observed galaxy velocity dispersion

(after Bailey 1982: 277).

Bailey then compiled a schedule of the properties of one-component models of the surface
density distribution as a function of projected radius R, from which he deduced the luminosity
and mass within a given radius. The results confirmed that the mass-to-light ratios for Coma
ranged from  200h to  400h with a mass uncertainty of a factor less than plus or minus 1.5.
The results for other clusters would have similar uncertainty in density distribution
particularly if X-ray emission was involved. The important conclusion drawn was
“...if the 'dark matter' is distributed similarly to the visible galaxies, then M/Lv  200 h.”
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(Bailey, 1982: 275), which was very much larger than the M/Lv  50 h established by
dynamical friction arguments. Because of this very large difference it was necessary to
introduce another cluster component to explain the observations:
If the 'dark matter' is not tied to the galaxies, then it is of interest to determine how wide the
difference from

 gal(r) its density distribution can be without violating the observed material

(Bailey, 1982: 275).
The author then carried out a further analysis introducing the effect of the velocity
distribution of a dark background density distribution. The analyses suggested that using
the two components with different limits, all the basic assumptions of different radii
provided a reasonable fit to the velocity dispersion data.
He moved on to comment on the effect of anisotropy of the velocity dispersion. It
could have been suggested that with giant clusters such as Coma, their mass-to-light ratio
together with the inferred density distribution of 'dark matter' may have indicated the
nature of the dark component. There may have been a case for massive neutrinos if the
mass-to-light ratio was as high as 500h and was typical for the whole Universe.
Models of the Coma cluster could be constructed that would have agreed in principle with
the observed values, with mass-to-light ratios ranging from ~100h to  400h based on the
simplifying assumptions of spherical symmetry and isotropy of the velocity distribution.
Relaxing these assumptions would increase the possibilities for massive neutrinos. But if the
assumptions were lowered to the value typical for the Universe, this would have reduced the
possibility of massive neutrinos and, if based on ½  h  1, the predictions of the standard
big bang nucleosynthesis calculations would have reconciled with observations without a
non-zero neutrino mass. “Thus the 'dark matter' could be almost anything”
(Bailey 1982: 278). Secondly, the present observations provided only weak constraints on
the distribution of 'dark matter'. There was no need for the density of the disk to be
proportional to the density of the galaxy:
Finally, it is interesting to note that models with

 d  r -2 produce velocity dispersion profiles that

are in reasonable agreement with observations. This raises the possibility that, just as ordinary
galaxies may be stabilized by massive quasi-isothermal haloes, so too could clusters, the haloes
possibly associated with the massive central cD type galaxy

(Bailey, 1982: 278).

Bailey offered the suggestion that the dynamics of clusters was much the same as galaxies,
emphasizing the need to consider neutrinos as being the ‘missing mass.’
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6.7 A. Bosma
In 1981 the Astronomical Journal published a paper by A. Bosma with the long
title “ 21-cm LINE STUDIES OF SPIRAL GALAXIES. 11. THE DISTRIBUTION AND
KINEMATICS OF NEUTRAL HYDROGEN IN SPIRAL GALAXIES OF VARIOUS
MORPHOLOGICAL TYPES”.
With the advent of the Westerbork Synthesis Radio Telescope (WSRT) it became
possible to obtain detailed H1 line maps of many spiral galaxies and their relation
with morphological type. The author constructed a sample of galaxies of various
morphological types for which 21 – cm line data were available. He then drew an
illustration of the velocity fields of the galaxies after carefully aligning the major axes
of the inner parts to a horizontal axis.
From the studies of the shape of the galaxies it can be seen that most rotation
curves decline slowly if at all and none become Keplerian in the outer parts. This
creates the problem of determining the actual size of the galaxy. All of the quantities
that were derived from the mass modeling will depend on the radius of the outmost
observed point R, and the curves of M (r) do not converge to a final value in the outer
parts. It is even doubtful if you can use the thin disk approximation at all. If all the
mass is really in the disk the stability is questionable. It has been proposed by others
that a dynamically hot component may exist which stabilizes the disk against bar
instabilities. The hot component may be distributed in a halo which could dominate
the gravitational potential field in the outer parts of the galaxy. If these halos do exist
then the mass models are wrong as they are based on the thin disc approximation.
However the curves of M(r) will change by at the most by 50% if we assume that all
mass is in a sphere. Ostriker, Peebles and Yahil (1974) discussed the possibility that
the halos may be ten times as massive as the disk and extend outwards to 0.3-0.5
Mpc. For spiral galaxies with such haloes the mass to light ratio has to be in the
order of 100.
Several discussion groups seem to conclude that there is a large amount of mass
at large distances from the centers of galaxies. Most of the evidence comes from
statistical studies (i.e. binary galaxy statistics, Turner 1976), arguments that the local
group is stable (Kahn and Woltjer 1959), and considerations about the orbits of
satellite galaxies around our own Galaxy (e.g. Lin and Lynden-Bell 1977).
It is difficult to determine the size of a galaxy or to estimate exactly where the curve
M (r) is converging to a final value. This problem cannot be solved easily and
therefore it should be emphasized that R0 the radius of the last measured point,
plays a crucial role in the determination of the mass models. This was apparent
when the rotation curves were fitted to the Shu et al., models: There were several
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Figure 83 Spiral Galaxies (after Bosma, 1981:1828)
cases where the peak of the rotation curve of the disc component had to be at R0
causing Mf, the total mass in the model, to be twice as large as M0, the mass out to
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R0. Two things are implied: firstly there is a lot of mass outside R0 and if a more
sensitive telescope had been used, R0 on its own would have been bigger and thus
the mass model would have to be adjusted n favour of higher surface densities.
Conclusion can be summarized as follows: The simple working model for a spiral
galaxy, comprising of a spheroidal component representing the bulge and a disk
component in differential circular motion with small amplitude perturbations due to
the spiral arms needs to be revised. Most spirals do not follow this image. In a
number of cases large scale symmetric deviations from axial symmetry were found;
some of which seem to be associated with oval shaped i.e. broadly elliptical
structures in the plane of the disk and others with a warping of the H1 layers in the
outer parts. More-over asymmetries have a very large amplitude. The mass models
indicate that in the outer parts of a spiral the mass-to-light ratio is higher than in the
inner parts. Maybe a substantial fraction of the mass is not distributed in a disk at all.
There is no simple relation between the morphological type of a galaxy and the mass
distribution. ( Bosma.,1981)
6.8 V.C Rubin, W.K. Ford, N. Thonnard and D. Burstein
A research group, comprising V. C. Rubin W. K. Ford, N. Thonnard and Burstein
(Rubin, et al., 1983) studying 'dark matter' in spiral galaxies published a paper attempting to
answer the question, “Is the distribution of luminosity in galaxies a reliable indicator of the
distribution of mass? And, by extrapolation, is the distribution of luminosity in galaxies a
reliable indicator of the distribution of mass in the universe” (Rubin et al., 1983: 88).
Vera (Cooper) Rubin (Figure 85) was born in Philadelphia, Pennsylvania on July 23,
1928.Very early in life she showed a fascination for stars. Rubin was motivated to try and
answer questions which most scientists accepted as obvious and her studies of the Universe
disproved many of the previously accepted theories. She graduated from Vassar College in
1948 with a B.A. degree in astronomy, moving on with her husband to Cornell University,
where she completed her M.A. in 1951. She was refused entry to Princeton as women were
not permitted to join the Astronomy program. Her Master's thesis was based on the
suggestion that galaxies might be rotating around an unknown centre and not just expanding
out in accordance with the popular 'Big Bang Theory'. Rubin had no scientific bases to
support her theory which was discounted by astronomers in general, which gave her a
negative reputation.
She completed her doctorate at Georgetown University in 1954. Her thesis suggested that
galaxies were not evenly distributed throughout the Universe and seemed grouped in certain
areas. Again, Rubin was going against the accepted prediction of the 'Big Bang Theory'
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which suggested a uniform distribution. Other researchers confirmed her suggestion some 15
years later.
Always controversial, Rubin gave support to the MOND (Modified Newtonian Dynamics)
approach because as she commented that, if she could have her choice, she would have to
learn that Newton's laws must be modified in order to correctly describe gravitational
interactions at large distances. That appealed to Rubin more than a universe filled with a new
kind of sub-nuclear particle.
In 1965 Rubin accepted a job at the Department of Terrestrial Magnetism in Washington
where she finished her working life. While studying the spectra of galaxies in the early 1970's
she made another important discovery which was contrary to the predicted Newtonian laws
applying to the edge of the galaxy that the stars at the edge of the galaxy should orbit more
slowly than the stars towards the centre. Rubin's research showed that this was not the case
and that the outer-edge stars travelled at the same speed as those at the centre. This meant that
there was a large invisible mass exerting sufficient gravitational force to keep the stars on the
edge from flying off into space.

Figure 84 Vera C. Rubin, 1928− (after en.wikipedia.org/wiki/Vera_Rubin)
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Rubin's research suggested that at least 90% of the universe must be made of 'dark matter'.
To answer the question of galaxy rotation Rubin et al., measured the rotational velocities at
various distances from the centre of a selected group of spiral galaxies. The luminosity of
spiral galaxies falls off rapidly with the distance from the centre, outside the bright nucleus.
This should suggest that the mass of the galaxy would also be concentrated towards the
centre. The rotational velocity would also diminish inversely as the square root of the
distance from the centre, to conform to Kepler’s law with respect to the orbital velocity of
bodies existing in the Solar System.
Similarly to the Solar System, the gas, stars and matter, all move in response to the various
gravitational forces on each other.
Taking the shape of the Galaxy as a spheroid, the gravitational force due to
the mass Mr located between the centre and an object having a mass m located in the
equatorial orbit at a distance from the centre r is given by Newton’s law GmMr/r2 . If the
Galaxy was neither expanding nor contracting, this function must be equal to the centrifugal
force of the mass at distance r, which is mVr2/r where Vr was the orbital velocity.
The mass m cancelled out when determining the orbital velocity Vr. This meant that the
orbital velocity at a distance r was only determined by the mass Mr inwards from r. In our
Solar System, nearly all the mass was situated near the centre so the orbital velocity varies as

1/ r that is, decreasing as r moved out from the centre, and was known as Keplerian (see
Figure 86). This was named after Johannes Kepler who was the first to propose the laws of
planetary motion.

Figure 85. Kepler’s Law for the orbital velocity of planets in the Solar System, in which more
than 99 % of the total mass resides in the Sun, yields this plotted curve. Orbital velocity
decreases inversely as the square root of r, the planet's mean distance from the Sun.
The author’s results showed that the orbital velocities of stars in a spiral galaxy depart
strongly from a Keplerian distribution (after Rubin et al., 1983: 90).
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When observing galaxies, the most luminous part was at the centre and the light reduced
rapidly as distance from the centre increased. Astronomers in the past had assumed that the
mass of the Galaxy likewise thinned out from the centre. On this basis, stars with increasing
distances from the centre should have decreasing Keplerian orbital velocity. Until recently it
was not possible to observe the outer faint stars in order to confirm this fact.
Using a variety of spiral galaxies in the sample, Rubin et al. found that the velocity
remained constant, or had a small increase, as the point of measurement moved away from
the centre, as far as it was possible to measure.
This suggested that the drop in luminous mass in relation to the distance from the centre
must be balanced by an increase in non-luminous mass, which indicated that the distribution
of light was not an indication of the total mass and that at least 90% of the mass in the
Universe was not radiating sufficient light to be detected from the Earth in the observed
wavelengths. This was not ‘missing mass’ but simply mass that could not be seen and should
be referred to as 'dark matter'. It may comprise extremely dim stars of low mass, neutrinos,
magnetic monopoles or gravitinos. This further confirmed the findings of Zwicky and
Sinclair Smith in Chapter 5 that the velocities at the extremities of galaxies and clusters
indicated there must be non-luminous matter to hold them together.
These conclusions have been strengthened by studies in the dynamics of individual galaxies
including the Milky Way, of pairs and groups of galaxies, together with clusters, all
suggesting that they contained an unobservable but ubiquitous mass. The presence of this
mass could be detected by its gravitational effects.
Rubin et al. tried to learn about the distribution of mass in the universe by studying the
distribution of matter within the general class of spiral galaxies which are similar to our
Galaxy. They suggested that by using modern large telescopes fitted with spectrographs,
complete observations of single spiral galaxies could be obtained in approximately three
hours.
They also suggested that spiral galaxies rotate because of the angular momentum and
orbital momentum of the original clumps of gas from which they condensed.
To carry out this research Rubin, et al., found it useful to use the classification of spirals
proposed by Hubble. The designated Sa spiral galaxies had a large central bulge with tightly
wound smooth arms in which the bright regions (knots) were difficult to resolve. Sb galaxies
had a medium sized central bulge with more open arms with distinct bright regions.
Sc galaxies had a small central bulge with clearly separated arms with distinct luminous
regions. The range of galaxies was one of decreasing central bulge together with an
increasing prominence of the surrounding disk. Each type ranged from low-luminosity, low
mass objects to galaxies of enormous sizes. Therefore the study had to include the three types
of spirals, each with a wide range of luminosities.
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Within the time frames they had available it was not possible to observe and record the
rotational movement of even the nearest galaxies. The Andromeda Galaxy, our nearest
neighbour, would take 20,000 years to rotate one arc second. This problem was overcome by
using redshift or Doppler shifts. Although it was difficult to make spectroscopic
measurements of velocities of individual stars, the same problem did not apply to light from
clouds made up mainly of hydrogen and helium, which surrounded certain hot stars. These
gases had very bright emission lines as atoms changed their energy state from a higher to a
lower level.
In the past, it was not possible to obtain high-resolution optical spectra of the faint
outreaches of the distant galaxies. But by 1977, large optical telescopes with high-resolution,
long slit spectrographs with efficient imaging devices became available, making the research
possible. Over a period of six years, the group studied the internal dynamics and distribution
of mass in individual galaxies as a function of their type. They observed 60 spiral galaxies,
20 each of the three main types, restricting their observations to those examples that were of
a clearly defined type and were well inclined to the plane of the sky. These showed a large
component of orbital velocity along the line of sight.
The spectra were obtained using the 4- metre telescopes in Arizona, USA and Cerro Tololo,
Chile and the 2.5- metre telescope at Las Campanas, Chile.
From the measured velocities of the strongest emission lines we computed a smooth rotation curve
by averaging together the approaching and receding velocities from the two sides of the galactic
disk. Although each galaxy exhibits distinctive features in its rotational pattern, the systematic
trends that emerge are impressive. With increasing luminosity galaxies are bigger, orbital velocities
are higher and the velocity gradient across the nuclear bulge is steeper. Moreover, each type of
galaxy displays characteristic rotational properties. For example, the luminous Sa galaxies rotate
more than 50 percent faster at the midpoint of their radius than equally luminous Sc galaxies.
Among Sc galaxies the most luminous rotate more than twice as fast at comparable radial distance
as Sc galaxies that are only one hundredth as luminous (Rubin et al 1983: 93-94).

The authors then made a comparison of Sa and Sc Galaxies:
Based on their observations Rubin, et al., came to the conclusion that the rotation curves
for Sa and Sc galaxies (see Figures 87 and 88) were either flat or slowly rising out to the
limits of the observations. If the mass of the galaxies was concentrated at the centre then
there would be a falling of the velocities based on the distance from the centre. The authors
concluded that mass was not the same as luminosity, which was concentrated towards the
centre. Therefore the mass distribution was not the same as the light distribution.
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Figure 87: Orbital velocities are depicted schematically for Sc galaxies of varying luminosity as
a function of the optically visible radius of each galaxy. Luminosities in solar units differ
by two orders of magnitude. At every radial distance orbital velocities increased with
luminosity.
(after Rubin, et al., 1983: 94).

Figure 88: The above comparison of Sa and Sc galaxies based on equal luminosity
orbital velocities, indicate that the velocities are significantly higher in Sa galaxies
than in Sc galaxies at every radial distance. This suggests that Sa galaxies contain
more mass per unit of luminosity than Sc galaxies (after Rubin, et al., 1983:94).

The masses of the galaxies in the study ranged from 6 x 10 9 to 2 x 1012 times the mass of
the Sun within their optical radius, and on the basis of their rotational velocities it was not
possible to determine the mass of any particular galaxy, as the ‘edge’ was not discernible.
Contrary to what was expected, the mass inside any given radial distance was increasing
linearly with distance and was not converging to a limiting mass at the edge of the visible
disk. This indicated that each equally-thick successive shell of matter in the galaxy must
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contain an equal amount of mass. Since the volume of the shells increased as the square of
the radius, the density of matter in successive shells must decrease as 1/r 2 in order for the
product of density multiplied by volume to remain constant.
The theoretical model that generally conformed to the accepted ideal galaxies, explained the
observed rotational curves by including in each spiral galaxy a ‘spherical halo’ of matter
extending well beyond the visible edge of the galactic disk. The force of this invisible mass
prevented the orbital velocities of the galaxies from decreasing with distance from the centre.
Observations had not supplied any information on the distribution of this invisible mass,
otherwise known as 'dark matter'. It could be stated that 'dark matter' was not “...part of the
overall background density of matter in the universe but rather is strongly clumped around
galaxies.” (Rubin et al., 1983:94). This fact was supported by the behaviour of the density of
the non-luminous matter which decreased, although slowly, with distance from the galactic
centre. The density at very large distances from the centre was as high as 1000 times the
mean density of the Universe.
There were many models accounting for the high orbital velocities which were basically
unsatisfactory when compared to a single halo of 'dark matter'. If all the missing mass was in
a single disk, it would become unstable and form itself into a bar. The necessity for a halo to
stabilize the disk was credited to Ostriker and Peebles of Princeton University. The paper by
Rubin et al. went on to discuss the various models proposed that explained the observed
dynamical effects seen in spiral galaxies with mass distributed in a nucleus, a surrounding
bulge, a disk and a halo. Calculations were made comparing the mass inside comparable
distances from the galaxy centre for two Sc galaxies, NGC1035 of low luminosity, and NGC
2998 of high luminosity. At every distance the more luminous galaxy had a higher orbital
velocity and consequently must have had more mass within that distance.
Further evidence of high rotational velocities of matter in spiral galaxies had been
suggested by observations of the 21-centimetre radio waves emitted by the neutral hydrogen
in the galactic disk. Unfortunately, in several instances the hydrogen did not remain in a
plane but was sharply warped at the edges of the visible disk. However, a question remained
as to whether the hydrogen was in a true circular orbital velocity or it was in a more complex
motion. The authors went on to comment that all the available evidence suggested that our
Galaxy extended well beyond the position of our Sun in the galaxy and its mass continued to
rise with distance.
James E. Gunn and Gillian R. Knapp of Princeton University suggested from observations
that the velocity of our Sun around the centre of the galaxy was about 220 kilometres per
second; some others had placed it as high as 260 kilometres per second. Based on the 220
figure, the amount of mass between our Sun and the centre of the galaxy was about 1011 solar

182

DARK MATTER from MICHELL to MACHOS
masses. The galactic mass out to 100 kpc could be as high as 1012 solar masses which would
make our galaxy one of the largest of its type.
As previously stated in Oort’s 1927 paper, the observable mass of stars and gas in the
galactic disk near the Sun was too low by a factor of two to explain the gravitational
attraction of the disk on stars far out of its central plane (Rubin, et al., 1983).
Figure 89 depicts the mass inside r measured in kilo-parsecs from our galactic centre. The
distance to a variety of objects was based on an orbital velocity of 220 kilometres per second
and mean distances to our Sun. The third and fifth points show the velocity of globular
clusters in our Galaxy’s halo at two average distances from the centre. The fourth point was
based on the mean velocity of the Clouds of Magellan. The sixth point was another
independent estimate for the Clouds of Magellan but these results were considered highly
uncertain. The seventh and final point was based on some estimates taken from remote
satellite galaxies. The extent of the vertical lines indicated the range of values for orbits of
different geometries.
The measurements suggest that the rotational velocities in our Galaxy lie between 220 and 250
kilometres per second and remain constant out to 80 kilo-parsecs, or roughly 10 times the Sun’s
distance from the Galactic centre. The mass inside 80 kilo-parsecs is likewise some 10 times the
mass inside the radial distance of the Sun, or about 1012 solar masses (Rubin et al., 1983: 96).

Figure 88: The mass of objects in our Galaxy within radius r measured in kilo-parsec.
(after Rubin et al., 1983: 96)

The authors claimed that their study offered the first evidence that our Galaxy had
non-luminous mass. The detailed analysis added significantly to the understanding of the
mass/light distribution within some different types of galaxies.
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A conclusion which could be deduced from these results was that as the disk of a spiral
galaxy was measured from the centre outwards, the total mass of luminous and dark material
reduced slowly but the luminosity (measured in the blue spectrum) reduced rapidly. The
result was that the ratio of the local (blue) luminosity density, that was, M/L, increased
steadily with distance from the Galactic Centre. Within the nuclear region there was high
luminosity produced with a small amount of mass. At large distances from the centre, a small
amount of luminosity was produced by a lot of mass. If there is no 'dark matter' in a ring
around the galaxy, the M/L ratio would roughly be constant across the disk from the centre to
the outside edge.
If mass and luminosity were measured on the basis of units of solar mass and luminosity,
M/L for the Sun was 1/1. Using this ratio as a unit of measurement, the M/L ratio near the
centre of a spiral galaxy would be somewhere between 1 and 3. At the edge of the visible
disk as the luminosity is dropping, the M/L ratio rose to 10 or 20. Beyond this point as the
luminosity falls towards zero, the M/L ratio climbed into the hundreds.
The authors tried to identify what constitutes the invisible halo by examining those celestial
objects with high values of M/L. Stars like our Sun had to be excluded because of their low
M/L ratio. Another poor candidate was the luminous hot young stars that delineated a
galaxy’s spiral arms The other extreme was the old red dwarf stars that populated the nuclear
bulge and outlying regions of the galaxy which had low mass together with low blue
luminosity. If they were in large quantities, their presence would be detected in the infrared
region of the spectrum.
Hypothetical and actual galaxies shown in Figure 90 differed in all properties except their
luminosities. A typical actual galaxy shown on the bottom row of Figure 90 had a massive
non-luminous halo. The hypothetical galaxy shown in the top row had no halo. Its surface
brightness decreased rapidly, the orbital velocities outside the nucleus also decreased, the
local mass density also fell at the same rate as luminosity, integral mass reached a limiting
value and finally the ratio of mass to luminosity remained reasonably constant over the
increasing radial distance. These were the expected properties of a galaxy. The presence of
'dark matter' in the actual galaxy changes these properties, except its visual appearance.
The orbital velocities remained high, the local mass density fell more slowly than the
hypothetical and the integral mass increased linearly with radius.
A comparison was made of the mass and luminosity of the components that made up a
spiral galaxy such as our own, shown in Figure 91, based on the mass and luminosity of the
Sun being taken as unity. The M/L ratios in solar units for normal stars decreased from about
30 for cool old dwarf stars down to 104 for hot young stars. Only extremely dense white

184

DARK MATTER from MICHELL to MACHOS
dwarf stars have M/L ratios in excess of 100. Therefore, there must have been some other
forms of objects filling the haloes of those galaxies whose M/L ratios were measured in the
100s.
As previously stated, this population could not be old red dwarf stars which would have
been detected in the infrared region, as this had not occurred. Stars required sufficient mass
for the gravitational energy to raise the core temperature to several million degrees Kelvin
and this required a minimum mass of about 0.085 times the mass of the Sun. Jupiter, the
largest planet in our Solar System was at least 100 times less than this mass. It was therefore
very unlikely that the halo comprised planet-like bodies, such as protostars that failed to
become stars. It was therefore reasonable to conclude that the halo contained the presence of
“...matter in any cold, dark form that meets the M/L constraint, from neutrinos to black holes”
(Rubin, et al., 1983: 98).

Figure 89: Comparison of hypothetical and actual galaxies. The top row (no halo), bottom row
(halo). The mass-to-luminosity ratio increases steadily as more mass is contributed by the halo
of the galaxy as the luminosity fades towards the edge (after Rubin et al. 1983:97).

The paper entered into a description of the unusual ‘anonymous’ galaxy, AO 136-0801,
with a ring spinning at right angles to the disk (see Figure 92). It was not listed in any
catalogue but was identified by its position co-ordinates. The observations were carried out
by Francois Schweizer from the Carnegie Institution, Bradley C. Whitmore from the Arizona
State University, together with Vera C. Rubin. The galaxy was one of a class of spindle
galaxies with polar rings.
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Figure 90: Comparison of mass and luminosity for components of a spiral galaxy
(after Rubin et al., 1983:97)

Figure 91: Image and diagrams of the “anonymous” galaxy AO 136-0801
(after Rubin, et. al., 1983: 98)

The observations of the light distribution across the spindle indicated a low-luminosity disk
of stars viewed nearly edge on. It had little or no gas or dust with no spiral structure. The
rotational properties of the disk were determined by the Doppler shift of the component stars
in the disk. There was no line of sight component along the minor axis, to confirm a rotating
disk of stars illustrated by the smaller ‘horizontal’ ellipse.
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Around the outside of the disk at right angles to the plane of the disk was a ring of gas, dust
and luminous young stars. The maximum diameter of the ring was several times the long axis
of the disk. An examination of the proper motion of this ring permitted the probing of the
gravitational field perpendicular to the disk at distances far in excess of the observable radius
of the disk. By measuring the displacement of the emission lines by spectrographic
observations, the rotational velocity of the ring was found to be approximately 170
kilometres per second. The velocity curve was virtually flat, rising slightly out to a distance
of about three times the radius of the inner disk.
Using the same velocity-distance scale to plot both the disk and ring seemed to confirm that
they had the same values at the same distances from their centres. The high rotational
velocity of the ring offered very strong evidence of a massive halo extending at least three
times further out than the visible radius of the disk. This also suggested that the shape of the
halo was nearly spherical rather than disk-like. Calculations showed that if the halo was flat,
then the velocities above and below the disk would have been less than that of the disk.
Rubin et al., then discussed work being done by several other leading astronomers on the
observed properties of a large sample of double galaxies, to infer the probable distribution of
the orbital elements and the M/L ratios that were possessed by the galaxies. Their results
suggested M/L ratios ranged between 25 and 100. The values were averaged over the distance
equal to the separation between each pair of galaxies. This can be of the order of several
galaxy diameters or of the order of 100 kilo parsecs. This also confirmed the proposal that the
halos of 'dark matter' with large values of M/L extended well beyond the observable limits of
the galaxy.
The question was whether there was sufficient invisible matter in the Universe to raise the
average density to 5 x 10-30 grams per cubic centimetre needed to close it and bring the
expansion to a stop. This could only be reached if the density of the non-luminous matter
exceeded the luminous matter by a factor of about 70. This equates to a total
mass-to-luminosity of 700 (our Sun =1).
Was there any evidence that the M/L ratio was approaching 700? As illustrated in Figure 93
M/L is very close but does not quite reach the required value.
Because of the enormous distances involved, investigations were made more difficult as the
indications were that the distribution of light was an unreliable guide to the distribution of
mass in the Universe. There was an unknown fraction of mass in spiral galaxies and clusters
hidden by a non-luminous constituent. It was not yet possible to determine whether the
regions of the sky that were devoid of light were also devoid of mass. This question will have
to be answered before it was possible to establish the nature of the ubiquitous 'dark matter'
enabling the final size and mass of the galaxies to be determined. Only then would it be
possible to confirm whether or not the Universe will continue to expand (Rubin et al., 1983).
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In the search for and our understanding of 'dark matter', the Rubin et al.1983 paper was one
of the most important and enlightening presentations towards clarifying the shape of galaxies
in respect of their mass and the light emitted from them.

Figure 92: The ratios of mass to luminosity (after Rubin et al., 1983: 101).

6.9 Philip J.E. Peebles
In 1984 P.J.E. Peebles presented a different perspective on 'dark matter' and the origin of
galaxies and globular star clusters, moving the search for 'dark matter' from the observation
of the effect of 'dark matter' objects on nearby luminous matter to a theoretical analysis. He
tried to draw together a set of simple and currently popular ideas to form a cosmological
model based on the assumption that the Universe was dominated by weakly interacting
matter. These ideas form two characteristic scales, one identified with galaxies and the other
with globular clusters which tend to form with extended halos.
Philip (Jim) Peebles (see Figure 94) was born in Winnipeg in April 1935, graduating from
the University of Manitoba in 1958. He then moved to Princeton University as a graduate
student in physics where he has remained, rising to his current position of Albert Einstein
Professor of Science Emeritus. His initial research was in searching for the 'cosmic
background radiation' with Robert Dicke, just before it was discovered by Penzias and
Wilson. His other interests include the statistical studies of clustering and super-clustering of
galaxies, and demonstrating agreement between the 'big bang theory' and observation.
Peebles has shown evidence of the existence of large quantities of 'dark matter' in the haloes
of galaxies and he continues to work on the origin of galaxies
(http://www.phys-astro.sonoma.edu/BruceMedalists/Peebles/Peebles.html).
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Figure 93: Phillip J.E. Peebles 1935─ (after www.worldscibooks.com/phy_etextbook/p325)

The model for the origin of galaxies was based on a set of simple and attractive
assumptions. The use of these assumptions did not imply that they were a reliable guide to a
realistic picture but was to check whether they led to a promising result. However, the model
did have some interesting features which seemed to account for major elements which had
been observed. The analysis done by Peebles and Dicke in 1968 considering a universe
dominated by ‘weakly interacting matter’ suggested that star clusters tended to be formed
with extended halos of 'dark matter'. There was no strong evidence that these halos existed
but it may have been possible to make tests for the halos at the required density, estimated at
a few protons per cubic centimetre.
In completing his model Peebles made the following assumptions:a) The cosmology was based on the general relativity Friedmann-Lemaitre model
a Universe with hyperbolic space [k = 1]), H= 75 km s-1 Mpc-1 and T0 =2.7 K. The
conclusions would not be affected by slight adjustments to these parameters.
b) The cosmological constant was negligibly small. This helped to simplify the
discussion by keeping one parameter at a natural value. It would not have been
attractive if  played an important part and it would have been a coincidence if the
mass density associated with  was comparable to the present density of matter.
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c) The density parameter was   1 based on assumption (b).
d) The contribution made to the density parameter by baryons was b ~ 0.03, and by
zero mass photons was r ~ 1104. b was close to the range previously
discussed by Faber in 1982 but did allow for the possibility that 'dark matter' made a
significant contribution to the density even close to the centre of the galaxy. The
important part of this assumption was that b <<1.
e) The rest x  1  b  r was provided by weakly interacting matter with negligible
primeval pressure such as axions or massive photinos. If, however, the matter was
fermions with masses mx within the range of several tens of eV to ~ 1keV, the primeval
peculiar velocities would have an important bearing on the evolution of the spectrum
of density fluctuations on scales of interest. Peebles assumed nature made the
primeval velocities negligibly small and there were no stresses due to vacuum strings
or sheets.
f) Primeval departures from homogeneity triggered off the adiabatic mass
density fluctuation  ( x, t ) as measured by simultaneously-moving observers
who kept time t. Adiabaticity had the advantage that primeval departures from
homogeneity were identified by a single function of position,  ( x).
g) The fluctuation  was a homogeneous and isotropic random Gaussian process. This
simplified the discussion as all the statistics of  were fixed by one function of one
variable, the power spectrum. There was evidence that large-scale fluctuation in
galaxy distribution were not Gaussian (Peebles 1983b), but any such effect should
not grossly alter the statistics of  derived assuming a Gaussian process.
h) The power spectrum of  was P  k , where k was the wave number. The simplest
analytic form for P was a power law P  k n with the index n = 1. As alterations to the
space curvature only occurred as log k on large and small scales, there was no need to
consider the long or short wave cut offs within the power law. Here and throughout
this model the comoving wave number k was expressed in units of radians per Mpc.
i) The normalization of P was adjusted to fit the observed rms fluctuations in the galaxy
distribution on scales ~ 10 Mpc based on large-scale mass clusters like
galaxies (Peebles, 1984: 470).
Using these assumptions, Peebles arrived at a spectrum of density fluctuations at redshift

z ~ 100 with the following properties:
(1) Hydrogen appeared in clouds and had a mass of M b ~ 106 M sun .
(2) The densest clouds at 3 standard deviations, where  was approximately 1 at z ~100,
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were just starting to break away from the general expansion:
An unusually dense cloud tends to be surrounded by other dense clouds that form a region of
overall mass extending to M b ~ 10  10 M sun that will break away from the general
8

10

expansion at redshifts in the range z~10-20 (Peebles, 1984: 474).

The above features indicated some resemblance to observed globular star clusters, galaxies,
and clusters of galaxies.
Peebles then considered globular clusters with massive haloes. Within this postulated
sequence of events it was suggested that hydrogen forms at z ~ 50-100 as gas clouds with
size ~ 1kpc, net mass ~ 108 M sun , hydrogen mass ~ 3 106 M sun , and temperature of
T ~ 100 K:
The 'dark matter' sub-clusters down to the effective Jeans length for this component. The dense
patches of 'dark matter' settle to the centre of the cloud, but because the 'dark matter' is weakly
interacting and the substructure only marginally denser than the mean over the cloud, the mean
density of 'dark matter' within the cloud stays at about 1 proton cm-3. (Peebles, 1984:474)

Peebles further suggested that it was possible for the hydrogen cloud to collapse into
several forms depending on the envelope, such as a single superstar, or form ordinary stars
before the bulk of the hydrogen cloud collapsed very far. These newly formed stars would
add heat and cause a re-expansion temporarily. The stars and supernovae may blow the cloud
apart and if not, the events would repeat themselves. It should be noted that the higher
binding energy required to withstand the supernovae would permit the accumulation of heavy
elements. The author went into a discussion on the various possibilities of the outcome
depending on the density of the dark halo.
Peebles noted two potential problems in the details of the globular cluster model. Firstly,
the very large contraction factor in this model would increase the effects of any initial
rotation of the gas clouds. As they did not rotate very rapidly, the initial rotation of the
globular cluster must be suppressed or it may be assumed that the majority of the angular
momentum was carried off by mass loss.
Secondly, the scatter in heavy element abundance in most clusters was quite small and it
was not certain that the recycling process proposed could achieve this scatter.
Although dark halos had not been observed around globular clusters, they should not be
excluded as they were a natural consequence of the scenario.
The second characteristic scale defined objects with baryon masses ~ 108  1010 M sun that
formed at redshifts z ~ 10-20, which was not unreasonable for proto-galaxies (Peebles, 1984).
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Peebles based his model on a series of assumptions which he hoped would lead to a realistic
model. He also argued that if spheroidal galaxies were dominated by 'dark matter', it was not
unreasonable to suggest that 'dark matter' may be present in globular clusters.
As the mass dominated near the globular cluster centre, the M/L could be reasonable, which
did not support the conclusion by Bailey (see Chapter 6.6).
6.10 G. R. Blumental, S.M. Faber, J.R. Primack and M.J. Rees
Later in the same year Blumental, et al. (1984) produced a review article covering 136
papers in which they asked the questions: Why were there galaxies and of the shape and sizes
we observe? Why do they exist in clusters and superclusters separated by extreme distances
which were nearly void of any bright galaxies? What was the invisible mass or 'dark matter'
which was detected by its gravitational effects near galaxies and clusters but which has not
been observed in any wavelength of electromagnetic radiation? They acknowledged that the
mass of 'dark matter' in the Universe exceeded the visible matter by at least an order of
magnitude. If the third question could be answered then this should resolve the first two
questions.

Figure 94: Martin J. Rees (self portrait)
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The authors considered the hypothesis that the 'dark matter' was cold. Its thermal velocity
was cosmologically negligible in the early Universe. Other current theories of the origin of
the structure in the Universe had suggested that the extreme in homogeneities of our
Universe developed gravitationally from very small density fluctuations. One theory that was
receiving a lot of investigation was based on the proposition that 'dark matter' consisted of
neutrinos of mass ~30 eV. These particles were non-interacting for t  1s and would smooth
out fluctuations of horizon size or smaller, commonly referred to as “...damping by free
streaming." Such particles were hot 'dark matter'. The mass of neutrinos inside the horizon, as
they become non-relativistic, was approximately 1015 M sun which was roughly the mass of a
super-cluster. Therefore, this was the mass of the first structure to collapse gravitationally in
a Universe dominated by neutrinos.
It was possible that the Universe consisted of particles that decoupled thermally from the
Big Bang earlier than neutrinos. These particles had a lower number density today and had to
be more massive (~1 keV), becoming non-relativistic earlier than neutrinos. The authors
referred to these particles as warm 'dark matter', which would form structures weighing about

1011 M sun which coincided with the mass of a galaxy.
Alternatively, if we considered a Universe dominated by cold 'dark matter', the free
streaming damping mass would be smaller than the galaxy masses. Blumental, et al. then
discussed the possible particle physics candidates for 'cold dark' matter, giving their reasons
for their selections and reiterating their definition

of “consisting of particles having

negligible thermal velocity with respect to the Hubble flow and having non-gravitational
interactions that are weaker than the weak interactions.” (Blumental, et al., 1984: 517).
The first particle discussed was the axion which was a hypothetical particle originally
suggested to avoid large constant parity violation in the strong interactions. There was no
evidence at that stage to prove that they did exist although experiments had been proposed
that may detect them. If axions existed they might be cosmologically important.
The next suggestion was the photino, the spin ½ supersymmetric partner of the photon.
They were considered to be one of the lightest supersymmetric particles, with
mass m  0.5 GeV. Photino annihilation at high temperatures was incomplete so the
remainder could contribute to a critical density today because of their large relative mass.
The third suggestion moved away from particles to the other end of the scale, namely black
holes ranging in size from 1016 M sun  M BH  106 M sun as determined by Hawking
radiation, up to the limit that did not interfere with galactic disks and star clusters. There
were other suggested exotic 'dark matter' candidates, none of which had been proven to exist.
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The reason that the authors considered cold 'dark matter' was the growing evidence against
baryonic, hot and warm 'dark matter'. Cold 'dark matter' correctly predicted the observed
properties of galaxies.
The conventional assumption was that 'dark matter' was baryonic since it was known that
baryons were spread throughout the Universe, but there were three reasons that suggest that
'dark matter' was in a non-baryonic form. Firstly, if it was baryonic it would be clumped into
objects with masses << M sun to prevent nuclear burning and too high a radiation emission.
There had not been a substantiated theory for the formation of a large density of planetary
type or smaller objects. Other forms of baryonic 'dark matter' had been discounted by other
researchers. Secondly, there was the evidence of the observed deuterium abundance numbers
ratio D/H  1  4  105 which provided a lower limit on deuterium because it was readily
consumed and not produced by stars. This became the upper limit for the baryonic density
parameter in relation to the critical density, namely b  0.035h2 (T0 2.7)3 . There was also
observational evidence that the total density parameter   0.1 . This meant that a baryon
controlled Universe    b  would only apply when  and h were very near their
observational lower limits. Thirdly, the current existence of galaxies and clusters required
that the density became unsettled and non-linear before the present time:
In a baryonic Universe, for adiabatic perturbations at recombination, this implies present day
fluctuations in the microwave background much larger than the present observational upper
limits. (Blumenthal, et. al.1984: 518).

This could be avoided “...if the primordial fluctuations spectrum was isothermal instead of
adiabatic or if there was significant reheating of the intergalactic medium after
recombination” (Blumenthal, et al.,1984: 518). However, for a non-baryonic 'dark matter',
the predicted fluctuations in the microwave background could be confirmed with
observations, as the fluctuations in the baryon-photon fluid were small at recombination and
subsequently grew to similar sizes as fluctuations in the 'dark matter'.
The authors then suggested that there were serious weaknesses in the neutrino-dominated
picture of galaxy formation. Studies made of nonlinear clustering (on scale   10 Mpc)
indicated that a super-cluster collapse occurred recently at redshift zsc  2 . This was also
supported by a study of streaming velocity in the linear regime (  >10Mpc), indicating
zsc  0.5. The galaxy ages were best determined from globular clusters, and other stellar
populations indicated that galaxy formation took place before z = 3. This was contrary to the
‘top-down’ theory that superclusters formed before galaxies.
The neutrino theory had another difficulty in that large clusters could accumulate
neutrinos more efficiently than ordinary galactic haloes given their lower escape velocities.
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One-dimensional numerical simulation indicated the total-to-baryonic mass should be ~ five
times larger for clusters than for normal galaxies. Evidence did suggest that the mass-to-light
ratio M/L increased with scale, but there was also evidence that the more physically
meaningful ratio of total-to-luminous mass M M lum remained constant through the full
range from large clusters, groups and binary galaxies, down to ordinary spirals. M lum was the
visible mass in galactic stars and gas, plus hot X-ray emitting gas which together was  M b ,
because an unknown fraction of baryons was invisible (see Table 6 and Figure 66)
The total-to-luminous mass of rich clusters was in fact similar to that of galaxies including
their massive haloes, even though the clusters’ mass-to-light ratio was larger, mainly due to
the different stellar populations in the E and S0 galaxies in rich clusters plus the large
contribution of X-ray emitting gas to M lum . In very rich clusters such as Coma, there was
probably approximately 2-5 times as much mass in hot gas as there was in stars.

Table 8. M / LB and M / M lum on various mass scales.
___________________________________________________________________________

M

Unit

M / L†B

M gas / M lum

M / M lum
Large clusters
Small E-dominated groups

1015 M sun

316  40

0.840.0
0.1

8.47.0
1.0

5 1013

8380
10

0.610.1
0.1

5.410.0
2.0

4050
10

0(?)

14.236
6

1012**

50††

0(?)

14

1057
1068

2.5
30

0
0

1
12

Small spiral-dominated groups 2 10

13

Whole Milky Way
Dwarf spheroidals
Stellar masses

Dynamical Masses
__________________________________________________________________________________
(after Blumenthal et al., 1984: 519) * Total Mass, incl. 'Dark Matter' † Mass-to-light ratio on B(0)
magnitude system.
**Mass assumed to be 1/3 total mass of Local Group
†† B (0) Ref. Faber and Gallagher, (1979)

Further preliminary velocity dispersion data for Draco, Carina and Ursa Minor, as well as
theoretical analysis, indicated that a significant amount of 'dark matter' may be found in
dwarf spheroidal galaxies. Because of their low velocity dispersion, the phase space
constraints gave a lower limit of m  500 eV for the mass of the particles in this
'dark matter'. It should be noted that the velocity dispersion estimates were uncertain and
needed to be proven. In any case, the mass limit of 500 eV would rule out neutrinos.
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Warm 'dark matter' provided a natural (free streaming) scale for galaxies but it could not
account for massive haloes in dwarf spheroidals, even if its mass was consistent with the
phase space constraints, although only barely. Free streaming damped out fluctuations with
mass  1011 M sun and therefore dwarf galaxies with masses ~ 107 M sun could only form by
fragmentation of a larger galactic mass. Because of the importance of dwarf spheroidal halo
constraints on warm as well as hot 'dark matter', the authors suggested the urgency of
continuous monitoring of their velocity dispersions.
Blumental et al., described how they calculated the growth of initially small perturbations
and their ultimate gravitational collapse into condensed systems, based on firstly determining
an initial spectrum for density perturbations in the very early Universe. They based their
calculations of cold 'dark matter' on the work of Peebles (1984), who included cold 'dark
matter', photons and ordinary matter, to which they added three mass-less neutrino species.
From these calculations the authors plotted the resulting cold 'dark matter' fluctuation
spectrum.

Figure 95 Mass-to-light ratio, M / LB , and total-to-luminous mass M / M lum ,
for structures of various size in the Universe. M / M B increases systematically
with mass, and the more physically meaningful ratio M M lum , appears to be
constant on all scales within the errors (after Blumental, et al.,1984: 518).

The key features of galaxy formation with cold 'dark matter' were:
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The dark matter fluctuation spectrum at recombination is determined by a small number of
physical parameters; after recombination (at zrec  1,300 ) the amplitude of the baryonic
fluctuations rapidly grows to match that of the 'dark matter' fluctuations; smaller-mass
fluctuations grow to nonlinearity and are virialized, and then are hierarchically clustered within
successively larger bound systems; and finally the ordinary matter in bound systems of total
812

mass ~ 10
M sun cools rapidly enough within the 'dark matter' haloes to form galaxies, while
larger mass fluctuations form clusters (Blumental et al., 1984:519).

Blumental et al., described how they calculated the growth of initially small perturbations
and their ultimate gravitational collapse into condensed systems, based on firstly determining
an initial spectrum for density perturbations in the very early Universe. They based their
calculations of cold 'dark matter' on the work of Peebles(1984), who included cold 'dark
matter', photons and ordinary matter, to which they added three mass-less neutrino species.
From these calculations the authors plotted the resulting cold 'dark matter' fluctuation
spectrum.
The quantity plotted in Figure 97a, k 3 2  k , represented the spatial density fluctuation

 as a function of total mass M  4 4 0 3k 3 . The graph included the fluctuation spectra in
the hot 'dark matter' scenario and in an isothermal scenario with white noise fluctuations.
Figure 97 b illustrated cold 'dark matter' fluctuation spectra in another form,

 M / M representing the root mean squared mass fluctuation within a randomly-placed
sphere of radius R containing mass M. Continuing on from Peebles (1984), the authors
normalised the curves so that at the present epoch,  M M  1 at R  8h1Mpc.
On any mass scale M, when the fluctuation  M / M approached 1, the non-linear
gravitational effects became more important. The fluctuation separated from the Hubble
expansion and when it reached a maximum radius began to contract. During the period of
contraction “violent relaxation due to the rapidly varying gravitational field converted
enough potential energy (PE) into kinetic energy (KE) for the virial
theorem, PE  2 KE to be satisfied.” (Blumental, et al., 1984:520).
Because the cold 'dark matter' fluctuation spectrum  M / M was a decreasing function of
M the smaller mass fluctuations would tend to become non-linear and collapse much earlier
than the larger mass fluctuations. These smaller mass fluctuations tended to be clustered
within the larger mass perturbations, which changed to non-linear much later. This clustering
of the smaller systems into larger and larger gravitationally bound systems began at baryon
Jeans mass M J ,b .
Could the cold 'dark matter' scenario explain the very wide range of morphologies
displayed by clusters of different types of galaxies shown in X-ray and optical-band
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observations, from the simple to multi-component structures? Simulations had shown that
large central condensations formed quickly and these condensations could then grow by
mergers forming cD galaxies if the 'dark matter' was in the haloes around the baryonic
substructure, not spread out over a large area and not concentrated.
Globular clusters in the cold 'dark matter' scenario were probably not primordial objects as
there was no evidence whether or not they had massive haloes. Also they were not distributed
throughout the Universe like 'dark matter', but at least within galaxies they had dissipated and
condensed similarly to other baryonic matter.

Figure 96 a: (top): Density fluctuations, k

32

 k      M  , as a function of the total mass

M  4 4 0 3k 3 for isothermal white noise (n = 0) and adiabatic Zeldovich (n = 1) neutrino and
cold 'dark matter' spectra. Figure 96b: (bottom) shows r.m.s. mass fluctuation within a randomly
placed sphere containing mass M for cold dark matter, n = 1 (after Blumental et al., 1984:518).

The easiest interpretation of the approximate constancy of M M lum  10 from galaxy
through rich cluster scales was that 'dark matter' clusters with galaxies, which was exactly
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what cold 'dark matter' was expected to do. From this, one expected the density parameter

   M M lum  galaxies  10  0.02  0.2,

agreeing

with   0.2 1.51 .

The

value

  0.2 was in the order of reliable measurements and confirmed the age of the Universe as
being the same as the globular cluster age estimate (  15 Gyr) if h  0.6 . However, the
observed abundance of deuterium plus helium 3 suggested a lower limit b h2  0.01 which
was also consistent with   0.2 and b  0.02 if h  0.7 .
The support for   0.2 cold 'dark matter' was based on the preliminary N body results
which suggested that superclusters and voids formed on the observed scale for   0.2 but
on too small a scale for   1 unless h was unrealistically small. This conclusion followed
from the comparison of the N body mass autocorrelation function  m  r  with the observed
galaxy autocorrelation function  g  r  . This was only applicable, if the galaxies were a good
tracer of mass. This certainly did not apply to rich clusters, as illustrated in the top part of
Figure 96 where M L for very rich clusters was approximately six times larger than it was
for small groups and our Galaxy and its 'dark matter' halo. This indicated that some of the
actual small-distance-mass autocorrelation was not included in the galaxy autocorrelation
function: that  m  r  was steeper for r  1 Mpc than was  g  r  . This effect would have
made   1 N body simulations consistent with observations. It was noted that galaxy
velocity dispersion averages underestimated the actual mass-weighted velocity dispersion,
because the high velocity dense regions of rich clusters were underestimated in the counts.

 was also restricted by the absence of measurable fluctuations in the cosmic microwave
background, because in a low  Universe there was less growth of fluctuations before and
after recombination. It was suggested that the recent limits on T T required   0.2h4 3 ,
unless the Universe was re-ionization after recombination.
Alternatively, could   1 in a cold 'dark matter' model? This could only happen if

M M lum increased substantially on scales larger than rich clusters. The authors then
discussed the effects of M M lum being substantially under or overestimated and what would
be the basis on which   1 could be brought into agreement with observations.
Blumenthal et al. concluded “...that a straightforward interpretation of the evidence
summarized above favours   0.2 in the cold 'dark matter' picture, but   1 was not
implausible.” (Blumental et al.,1984: 523).
The cold 'dark matter' model may require some means of stopping galaxy formation in
voids for   0.2 and for   1 which was required in the latter case to hide most of the

199

DARK MATTER from MICHELL to MACHOS
mass. Galaxy formation must be suppressed in regions of moderately low density if the
density of galaxies in voids was less than one quarter of the average density.
The authors offered the following conclusion:
We have shown that a Universe with ~10 times as much cold 'dark matter' as baryonic matter
provides a remarkably good fit to the observed Universe. This model predicts roughly the observed
mass range of galaxies, the dissipationless nature of galaxy collapse, and the observed
Faber-Jackson and Tully-Fisher relations. It also gives dissipationless galactic haloes and clusters.
In addition, it may provide natural explanations for galaxy-environment correlations and for the
differences in angular momenta between ellipticals and spiral galaxies. Finally, the cold 'dark
matter' picture seems reasonably consistent with the observed large scale clustering, including
superclusters and voids. In short, it seems to be the best model available and merits close scrutiny
and testing. (Blumenthal, et al.,1984: 524).

Blumental, et al., were the first to support the concept of a non-baryonic 'dark matter' and
the proportions of 'dark matter' are shown Figure 98. However, at the time this paper was
written ‘Dark Energy’ had not been considered.
Researchers were concerned with trying to explain the 'missing mass' which was needed to
hold the galaxies and clusters of galaxies together. The first recorded mention of
‘Dark Energy’ was not until August 1998 in a paper entitled Prospects for probing the dark
energy via supernova distance measurements by Huterer and Turner (1998) although it
had been previously mentioned in general discussion amongst interested astronomers.
The possibility that 'dark matter' could produce   1 , is now known to be wrong.

Figure 97: 'Dark matter' and dark energy proportions
(after NASA ADS- WMAP, the Wilkinson Anisotropy Probe.)

6.11 Material Content of the Universe- Royal Society Discussion Meeting
A meeting was organised on the 23 and 24 October 1985 by J.D. Barrow, P.J.E. Peebles
and D.W. Sciama titled “Material Content of the Universe”, because of the recent progress in
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determining the total amount of matter in the Universe and its dominant form. Several papers
were specifically related to 'dark matter' and two of them will be discussed here.
6.11.1 van Albada and R. Sancisi – 'Dark Matter' in spiral galaxies
T.S. van Albada and R. Sancisi (1986) wished to review the observational evidence for
'dark matter' in spiral galaxies to explain the need for 'dark matter' which could be deduced
from a comparison of the distribution of light and rotation curves. From a cosmological point
of view, the amount of 'dark matter' found in spiral galaxies was rather small. The total mass





may approach 20M sun / LBsun H 0 75kms 1Mpc 1 but the corresponding mass density was
still very short of the density needed to close the Universe. (Note that distances in this paper
were based on H 0  75kms 1Mpc 1 .)

Figure 89: Tjeerd van Albada
(after http/www.astro.rug.nl/SECR/JAARVERSLAG/jaarverslag-2002.pdf.)

Van Albada and Sancisi pointed out that the concept of dark haloes surrounding galaxies had
only been accepted in the last few years. They used UGC 2885 as an example of a galaxy
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having a dark halo because of its flat rotation curve extending out to about 80 kpc, based on
the work carried out by Rubin et al. in 1980’s and by others. The CCD photometry carried
out by Kent in 1985 showed the light profile extended out in a flat rotation curve to 60 kpc
and only beyond 70 kpc was there any indication for the need of 'dark matter'.
However, the examples cited did not confirm that a flat rotation curve implied the presence
of 'dark matter'. To establish the existence of dark halos, it was necessary to measure the
circular velocity well beyond the point where the predicted rotation curve of luminous matter
in the disk started to decline. To achieve this, 21- cm observations of neutral hydrogen in the
outer regions were essential.
The authors proceeded to review the observed and predicted rotation curves commenting
that their flat nature outside the optical radius were first demonstrated by A. Bosma in 1978
and again in 1981 from the 21- cm aperture-synthesis observations. These were supported by
similar observations by K. Begeman in 1986 which reached out further than Bosma’s results.
These results were presented in graphical form which showed that after the initial rise; all the
curves flatten out to the last measured point at 5 or more scalelengths (h). If the gravitational
field evolved from the distribution of luminous matter, with constant M/L, the curves should
begin to decline after approximately 2.5 disk scalelengths. “The discrepancy was attributed to
the presence of 'dark matter’ (van Albada and Sancisi, 1986: 449).
The amount of this 'dark matter' could be calculated by comparing the observed rotation
curves with the rotation curves based on the distribution of light. This approach was based on
considering the galaxy as having distinct components, e.g. a bulge, a disk and a dark halo.
However this approach was considered to be highly idealistic because of the difficulties of
identifying the points of separation of the components. There was no reason why the
mass/light ratio of the disk could not depend on radius. In fact, radial variations in the rate of
star formation seemed to make this dependence likely. As the mass/light ratios were not
previously known for the bulge and disk, the initial step was to maximise the amount of
luminous matter to the observed rotation curve which gave the lower limit for the amount of
'dark matter'. This procedure did not indicate the components of the 'dark matter'.
The authors produced a detailed disk-halo model for NGC 2403 (see Figure 100).
The observed rotation curve had been decomposed into a maximum contribution by the
‘luminous’ material, calculated from the light profile, the distribution of H1 gas and by the
dark halo. This model was based on M dark / M lum = 0.6 at 2.5 h, the optical radius R25 and 3.8
at the H1 radius. However, it was not possible to get a lower limit for the M/L ratio of the
disk. Similar results could be obtained for any assumed disk mass less than the maximum
value. The H1 rotation curves for four additional galaxies, which extended out to at least 10
disk scale lengths, confirmed the curves were approximately flat out to the last measured
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point, whereas the light profile was close to exponential. Studies of low-mass galaxies
showed a similar result.
Generally, the discrepancy between the observed and predicted curves began where the
predicted curve reached its maximum. In a small number of galaxies, the measured rotation
curve also differed considerably from that expected by the light profile in the inner region.
These apparent discrepancies could be traced to a problem with the light profile or the
rotation curve.

Figure 99: Fit of disk with maximum mass and halo to observed rotation curve for
NGC 2403, the dots with error bars after Begeman (1986). The contribution of the disk
has been reduced to allow a halo with a non-hollow core. Note that the flat part
of the rotation curve results from a declining curve for the disk and a rising one
for the halo (van Albada and Sancisi, 1986: 451).

For example, in NGC5907, the observed rotation curve rose rapidly near the centre, whereas
the rotation curve predicted from the light profile rose not as steeply. Therefore, there was a
need for an additional component of matter. However, in edge-on galaxies a high proportion
of light was obscured by dust, which the authors believed obscured the luminous matter.
The Sombrero NGC 4594 (Figure 101) offered another example, where the measured
14
rotation curve in the inner region rose with a modest slope well below the expected R

bulge law. This was a deviation from the expected behaviour for a high luminosity Sa galaxy.
Again, it would seem the problem was caused by the near edge-on orientation of the galaxy.
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Figure 100: The Sombrero Galaxy: (after Block and Freeman, 2008: 313).

To prove the validity of the maximum-disk hypothesis the authors then reviewed the
available information on the M/L ratio in galaxies. They argued that the amount of matter in
the disk was probably close to the maximum allowed value and in support of this argument
offered the following comments.
(1) Except for a few, the shapes of the predicted and observed rotation curves were very
similar over a large fraction of the visible part of galaxies for which mass models had
been made. In several cases, even small observed features were reproduced in the light
profile calculated rotation curves.
(2) The rotation curves compiled by Rubin et al., in 1983 ranging from Sa to Sc confirmed
that the shapes of rotation curves depended on luminosity. Within each Hubble type,
low luminosity galaxies had rotation velocities that gradually rose from the nucleus,
reaching the maximum at the isophotal radius, whereas the velocities in high luminosity
galaxies rose steeply from the nucleus and became flat at a smaller fraction of the
isophotal radius.
The velocity amplitudes increased correspondingly with increasing luminosity.
Rubin et al. used this progression of rotation curve shape with luminosity, without any
correlation with Hubble type, to suggest the existence of 'dark matter' also in the inner
region of galaxies, while for van Albada and Sancisi (1986: 454):
Luminous and 'dark matter' together, in some way coupled to each other but with different
spatial distribution, determine the circular velocity at all radii in a galaxy.

There was no argument that luminous matter alone explained the rotation curve inside
2.5h. However the pattern found by Rubin et al.1983 suggested that the character of
the mass distribution in the disk, or perhaps the bulge/disk ratio, depended on
luminosity.
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(3) R.B.Tully & J.R. Fisher showed in 1977 that a correlation existed between total
luminosity and the amplitude of the rotation curve: the higher the luminosity, the higher
the maximum rotation velocity in galaxies.
(4) As yet there was no comprehensive theory for the formation and maintenance of spiral
structure in disk galaxies, but the conditions needed for the amplification of
perturbations were well understood. They could be worked out analytically or
experimentally from N-body calculations. J. A. Sellwood had made a case study of
NGC3198 for which he had found that the maximum-disk case with vmax  140 km s-1
allowed the formation of the observed two-armed spiral structure. If the disk mass was
reduced to 50% of the maximum disk mass, the growth of the two-armed spiral was
definitely inhibited, allowing only multiple-armed features to develop. Two-armed
spiral structure seemed only possible when the disk mass was at least 70% of the
maximum disc mass. The corresponding value of M halo M disk inside 2.5 h was 1.0.
(5) Streaming motions in the gaseous component associated with the spiral structure had
been seen in several galaxies, including M81. The dark halo contribution to the
gravitational field had not been confirmed by any forms of modelling, however it could
be assumed that the velocity amplitude of streaming motions depended on the amplitude
of the spiral perturbation in the disc plus the relative contribution of the disk and the
‘smooth’ dark halo to the total gravitational field.
(6) In some galaxies, if there was a sharp boundary in the stellar disk, the rotation curve of
the disk was expected to drop steeply beyond the truncation radius so long as it occurred
inside approximately four scale lengths. If the dominant matter in the gravitational field
was luminous, the drop-off should be seen in the H1 rotation curve; in principle it
seemed the velocity gradient provided a direct measure for the M/L ratio of the luminous
disk. A good example of this feature was NGC 5907 as on both sides of this edge-on
galaxy there was a drop-off truncation effect 6' from the centre in the rotation curve.
However this example was under question as a light profile, after rectification to face-on
geometry, did not show a truncation feature.
(7) The M/Lv value in the vicinity of the Sun was about 3, which was about the same order
as the M/L value for the maximum-disk case for NGC 2403 and NGC 3198, which
would indicate that the maximum-disk solution gave plausible M/L ratios. Mass models
of spiral galaxies when based on observed light distribution and assuming constant M/L
for the bulge and disk are able to reproduce the observed rotation curves in the inner
regions but do not towards and beyond the edge of visible material
(8) The authors then reviewed the M/L ratio from stellar evolution theory. Based on
the results obtained by Rubin et al. (1983) who found that the M/LB within the
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optical radius R25 was 6.2, 4.5 and 2.6 for Sa, Sb and Sc galaxies respectively.
These M/L values must have included a contribution by the dark halo to account for the
discrepancy between the observed and predicted rotation curves at the optical radius R25.
If allowance was made for a minimum amount of 'dark matter' to be present, these M/L
ratios should be multiplied by approximately 0.6, using mass models from a smaller
sample of galaxies, which would give M/LB = 3.7, 2.7 and 1.6 for Sa, Sb and Sc
galaxies. The mean B-V colours for these types were 0.75, 0.64 and 0.52.
Models of evolving disks also showed that early type spirals, which had redder colours,
should have the highest M/L ratios: M/LB = 3.1, 2.0 and 1 for B-V values corresponding
to Sa, Sb and Sc galaxies. Because of the uncertainty in the Hubble constant, precise
normalization was difficult, the unknown contribution to the mass density by low
luminosity stars, the agreement between observed and predicted trends, and the fair
overall agreement of the M/L values all providing support for the maximum-disk
hypothesis. The maximum-disk hypothesis is defined as; the amount and distribution of
'dark matter' are derived on the assumption that the mass-light ratio of luminous
is constant, but separately for the bulge and disk, and equal to the maximum value
allowed by the rotation curve.
(9) van Albada and Sancisi concluded from the above arguments that the amount of
dark-halo material in the inner region (R<2.5h) was small compared to luminous matter.
The formal limits on Mdark /Mlum unfortunately were not very strict. The chances of
having a well-developed two-armed spiral structure required Mdark/Mlum<1.0 but the
detailed agreement between the observed and predicted shapes of rotation curves,
in combination with the Tully-Fisher relation, would indicate that this upper limit
was too large.
The dominance of the luminous matter inside 2.5 disk scalelengths indicated that it also
controlled the approximate constant value of the circular velocity in the outer regions. This
coupling of disk and halo could be shown with different mass models for NGC3198
(Figures 102(l) and 102r), one based on the maximum disk and the others based on disks
with masses equal to 0.75, 0.50 and 0.25 of the maximum disk mass. It was shown that if the
disk mass exceeded 70% of the maximum disk mass, the flat part of the observed rotation
curve between 3 and 11 disk scalelengths was the result of a falling rotation curve for the
disk and a rising curve for the dark halo. It would have seemed impossible that, as a rule, the
two separate components of a galaxy, a flat disk and a ‘spherical’ halo, could produce such a
result. This distribution of luminous and 'dark matter' must have been closely coupled
through their formation. This coupling, which was sometimes known as the disk-halo
conspiracy, was not yet understood.
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Similar results were indicated in other galaxies which also confirmed that beyond 60 kpc
'dark matter' was needed with a rising rotation curve to balance the declining curve of the
disk. This conspiracy between the components produced a circular velocity that was constant
to within about 10%. There must have been some process during the formation of the galaxy
that requires vcir to be nearly independent of radius.
Some consequences of the maximum-disk hypothesis were reviewed which give a simple
way to derive some analytical relations which illustrated the coupling between light and
matter in galaxies.
To support their hypothesis two extreme cases were considered: (i) 'dark matter', like
luminous matter, resides in a disk and (ii) 'dark matter' forms a more or less spherical halo
around the galaxy. They had assumed that the light profile was exponential and the observed
rotation curve was flat beyond the turn over radius of the disk (see Figure102) and considered
the consequences from two aspects.

Figure 101: Fits of exponential disk and halo to the observed rotation curve (dots) for NGC 3198.
Disk models with maximum mass (upper left) and also with masses 0.75, 0.50 and 0.25 times
the maximum mass are shown. Constraints on the amount of luminous matter previously
discussed indicate the halo contribution in the lower two panels is too large
(after van Albada and Sancisi, 1986:457).

a) A dark disk:
The rotation velocity at radius r in a disk depended on the distribution of mass both sides of
this radius. In a galaxy with a flat rotation curve beyond radius r, the surface mass density
was

 tot  r   v 2  2Gr  .
The total mass inside r followed from:
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M tot  r   2v 2 r  G  .

(31)

By comparison, for an exponential disk with scale length h and M/L constant:

 lum  r    lum  0 e r h ,
with

 lum  0   M lum  2 h2   vmax 2  0.78 Gh  .

(32)
(33)

Mlum was total disk mass and vmax the maximum circular velocity, which was reached at
2.2h. Equating, the two velocity scales was equivalent to adopting the maximum possible
mass for the luminous material, and gave:

 tot  r   lum  r   0.25  h r  er h .

(34)

Figure 102: (left).Mass models for NGC3198 with self-consistent halo. Dots with error bars

give the observed rotation curve and the diamonds    the rotation curve for the unperturbed

halo. Solid lines give the rotation curves for disk, perturbed halo and for these two combined.
The three panels show the same disk model with a best fitting halo with core radius rc = 27kpc
and  v  85 kms-1 (a) ,and halos with 10% smaller (b) and (c) core radius. Masses are
expressed in 1011 M sun .
Figure 102: (right). Mass models for a family of disks embedded in the best fitting halo for
NGC 3198. Diamonds    indicate the rotation curve for the unperturbed halo

and solid lines the rotation curves for the disk, the perturbed halo and these two combined.
Panel (a) gives the best fit for NGC 3198. In (b) the disk is 20% more massive and
in (c) a factor of four less massive than in (a) Disk scalelength, h, is expressed in units of
11

10kpc, and mass in 10 M sun (after van Albada and Sancisi, 1986:460).
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Formula (34) indicated that the local mass/light ratio in a galaxy with an exponential light
profile had to rise steeply with the radius to retain a flat rotation curve. When applied to
NGC3198 which had a flat rotation curve out to at least 11h, which indicated that the local
M/L value at the boundary had to be approximately 1400 times larger than the M/L ratio in
the inner region, or (M / LB )(11h )  600M sun / LBsun .
This would exclude any possibility that the material in the outer reaches of the disk consisted
of low-mass hydrogen-burning stars.
b) A dark halo
In a spherical halo the amount of 'dark matter' inside a given radius required to keep the
rotation curve flat was given by:

M dark  r  M lum  0.39 r h  1 (r > 3h)

(35)

This was a point-mass approximation to obtain the circular velocity of the exponential disk
at large radii. This indicated that with galaxies such as NGC 2403 and NGC 3198 there was
at least three times as much 'dark matter' as there was luminous matter inside the H1radius.
This result was not affected by the amplitude of the rotation curve. The maximum-disk
hypothesis would, for flat rotation curves as a first approximation, give a ratio M dark / M lum
(at fixed r/h) which was independent of the galaxy luminosity.
It was also possible to compare the halo and disk densities. If a halo was modelled with an
isothermal sphere with velocity dispersion  v and core radius rc when the density of the halo
3 2
is 2 times its central density, then

 v  vmax

2

rc  4.7h .

and

(36)
(37)

The constant 4.7 had been previously determined from a fit for NGC 3198. Then the central
density of the halo became:

halo  0  8.73 v 2 /  4 Grc 2   0.0061M disk / h3

(38)

With a group of disks with a constant central mass density M disk  h2 , the central density of
the halo was therefore expected to be inversely proportional to the scalelength of the disk.
Central densities calculated by Formula (30) agreed to within 10-20% of the results obtained
by Carignan and Freeman in 1985 for their low luminosity galaxies.
Upon collating the results obtained by Carignan and Freeman in 1985 and Bahcall and
Casertano in 1985, the authors arrived at:

disk halo  0.5,
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which was also in good agreement with the Bahcall and Casertano value of 0.3, although
different assumptions were made in the two models? It seemed safe to conclude that the
regularities found by them were similar to those using the maximum-disk hypothesis.
The previous discussions on mass models gave the decomposition of the rotation curve into
the contributions made by luminous and 'dark matter'. However, they did not consider such
possibilities as: What would a halo look like without a disk? Did the disk substantially flatten
the halo? Was there a coupling between the disk and halo as a result of gravitational
interaction between the two systems?
To answer these questions van Albada and Sancisi completed an N-body simulation using a
halo modelled on a collection of 5000 interacting particles exposing them to a gravitational
field of an embedded disk. The case of the NGC 3198 was modelled. The two parameters
characterising the halo, initial core radius and velocity dispersion, were varied until a good fit
to the observed rotation curve was obtained. The results were given in graphical form.
These results confirmed that the halo parameters had to be fixed to within narrow limits,

rc  27  2 kpc and  v  85  5 km s-1 1  to obtain a good fit to the observed rotation
curve, confirming that for the disk of NGC 3198 there was a uniquely-defined unperturbed
halo.
The best fitting halo for NGC 3198 had been chosen as a standard halo, and disks having
different masses and scale lengths were compared to this halo. The results were shown in
graphical form (see Figures 103 left and right).
From these experiments the authors concluded that the gravitational interaction of the disk
and the halo provided little relief for the problem that the disk and halo seemed to conspire to
produce an approximately flat rotation curve.
Several methods had been proposed to measure the shape of dark halos, important as this
may have been to indicate their origin, but the results were inconclusive.
Van der Kruit in 1981, for his analysis of NGC 891, used a value of 10 km s-1 for the
vertical velocity dispersion of H1 and determined that a model with all the matter in the disk
with a vertical scaleheight of 1.0 kpc was not consistent with the data, but a model with the
luminous matter in a disk and the 'dark matter' in a spherical halo agreed with the
observations.
Moner, et al., in 1981 proposed using the flattening of bulges in external galaxies and the
population  component in our galaxy as a constraint on the flattening of the dark halo. If
the velocity distribution of population  stars was dependent only on energy, they would fill
equipotential surfaces.
The flattening of the population  component then gave an indication of the axial ratio of
the equipotentials of the total gravitational field. The measurement of the flattening of the
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stellar distribution must be accurately measured to provide interesting limits. Moner et al.
found for our Galaxy that only half or less of the mass within the solar circle lay in a disk.
To determine the distribution of 'dark matter', it would be necessary to separate the bulge and
disk components.
Another method was proposed by Schweizer et al., in 1983, the comparison of the
velocities in the disk and the polar ring of spindle galaxies. This method also yielded a
measurement of the flattening of the equipotential surface of the gravitational field.
Schweizer, et al. in 1983 concluded that the dark halo was more nearly spherical than flat.
The authors summarised their studies of the differences between dynamical and luminous
mass in spiral galaxies. The amount and distribution of 'dark matter' was derived with the
assumption that the mass/light ratio of luminous matter was separately constant for the bulge
and the disk and equal to the maximum value allowed by the rotation curve. The maximumdisk hypothesis was supported by the following main conclusions:
(1) 'Dark matter' was clearly evident in the outer regions of galaxies. The most convincing
cases were those six spiral galaxies with exponential light profiles and flat rotation
curves measured out to about 10 disk scalelengths (approximately three times the optical
radius R25 ).
(2) The amount of 'dark matter' inside 10 disk scalelengths (20-40 kpc) was three to five
times the amount of luminous matter.
(3) Luminous matter dominated in the inner region, i.e. inside approximately 2.5 disk
scalelengths.
(4) The distributions of luminous and 'dark matter' were closely coupled with the bulge,
disk and halo conspiring to produce flat rotation curves.
(5) Using the maximum-disk hypothesis, the ratio M dark / M lum inside the optical radius
appeared to be independent of galaxy luminosity.
(6) Self-consistent halo models indicated that the large-scale gravitational interaction of
disk and dark halo did not reduce the problem of disk-halo coupling. For a given
maximum disk there was a unique halo.
(7) As yet, there was no evidence available on the shape of the distribution of 'dark matter'.
There was no way to discriminate between a spherical or flattened halo,
or a flaring disk, but a flat disk seemed unlikely (van Albada and Sancisi, 1986).
This paper showed a more definite attempt to define the position and effect of 'dark matter'.
The most important conclusion was that the distribution of light was not a good guide to the
distribution of mass in the galaxies.
6.11.2 J.R. Ellis, Particle Physicists’ candidates for 'Dark Matter'
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It was important at that time to mention the current thinking of particle physicists as to the
contribution of particles that may form the 'dark matter'.
Ellis (1986) considered that his task at this conference was to review the different particle
candidates for 'dark matter' which ranged in mass from 'quark nuggets', which had mass 1055
GeV or more, through strange matter and electroweak nuggets, planktons, which were stable
particles with mass 0(1019) GeV, magnetic monopoles, which had mass 0(1016) GeV, shadow
matter, which might have also any mass, stable supersymmetric particles with mass between
0(1) and 0(10 3) GeV, massive neutrinos with mass 0(1) GeV-0(100) eV, axions with mass
0(10-12) GeV and finally polonyions with mass 0(10-15) GeV.
Ellis summarised his paper on the contribution of particles with the comment there was no
shortage of particle candidates for 'dark matter' and there was no general agreement which
was the most plausible. However most of them would provide cold 'dark matter'. There was
no real reason why most of the candidates should have a near closure density, except
supersymmetric relics:
The general feature that their individual masses are not greatly different from those of baryons
unlike, say, planktons or polonyions, gives one reason to hope that perhaps   baryons , and
hence that the supersymmetric relic density may not be much less than the closure density.

(Ellis, 1986:484).
Ellis considered that supersymmetric relics are relatively easy to detect and should be
accessible to accelerator searches in general, offering the best prospects for rapid
experimental progress on 'dark matter'.

6.12 Virginia Trimble - The Existence and Nature of Dark Matter in the Universe
In the 1987 Annual Review of Astronomy and Astrophysics Virginia Trimble published a
review of 777 papers describing the then current thinking and theories that had been
developed up to that time (Trimble, 1987).
At the time of writing Virginia Trimble (Figure 104) was Professor of Physics at the
University of California, and visiting Professor of Astronomy at the University of Maryland.
She was born in 1943 and raised in California receiving her B.A. in Astronomy and Physics
from UCLA in 1964. Trimble moved on to the California Institute of Technology, earning an
M.A. in Astronomy and Physics in 1965 and her PhD in Astronomy in 1968. At the same
time she earned an M. A. from Cambridge University, when a Visiting Fellow at the Institute
of Theoretical Astronomy in Cambridge.
Virginia Trimble's research interests included white dwarfs, supernovae, pulsars, black
holes, binary stars, galactic evolution, gravitational radiation and the sociology of astronomy.
Her list of publications included more than 150 research papers and articles. Amongst other

212

DARK MATTER from MICHELL to MACHOS
societies she is a member of the American Astronomical Society and the Royal Astronomical
Society (http://www.ps.uci.edu/physics/trimble.html.)
The first chapter of Trimble's paper covered a ‘Historical Introduction and the Scope of the
Problem’ which has been covered by the previous chapters of this thesis. The next chapter
discussed the mass of single galaxies determined from velocity dispersions or rotation curves
of stars and gas with emphasis on the Milky Way and the Solar Neighbourhood, together
with an analysis of disk mass.
The paper then described the charting of the velocity field for the galactic halo of our
Galaxy indicating the problem in identifying a sufficient number of objects whose distances
and velocities can be measured. The uncertainties to be considered were our distance from
the Galactic centre  R0  and the rotational speed Vc , traditionally taken as

R 0 = 10 kpc

and V c = 250 kms 1 .These were yet to be finalised at that time but were being considered as
8.5 kpc and 220 kms 1 so the masses mentioned in this section should be interpreted as
containing a factor  R0 10 Vc 250  .
2

Figure 103: Professor Virginia Trimble, 1943− (after www.ps.uci.edu/physics/trimble.html)

The following Table 9 was produced which summarised the results of the then
recent investigations. Trimble drew attention to the features to be noted, which were the
upper envelope, being the virialized regions, which indicated M (R ) gradually

213

DARK MATTER from MICHELL to MACHOS
increasing to at least 1012 M sun at 100 kpc (implying M L  30 ) with fluctuations due to
different choices of velocity distribution, and explained the methods used to estimate the
velocity distribution for the outer objects (with diffuse objects assuming circular orbits).
Trimble pointed out that two results were considerably lower than the average, which had yet
to be explained. If they were correct then most of the mass of our Galaxy lay within a few

R0 and the total mass was much less than 1012 M sun .
The mass numbers in Table 9 could be reduced significantly by considering two
possibilities. The 1985 paper of M. J. Valtonen et al. suggested that a non-standard modelling
of the gravitational effects of the Magellanic Clouds indicated that cluster and satellite
velocities did not currently probe the gravitational potential at all well. Secondly, the extreme
members of the stellar and cluster populations may not be currently bound to our Galaxy. For
example some high positive velocity stars may have been runaways from disrupted binary
systems or a runaway process in some nearby galaxy, or from mutual containment in the
potential of a larger, or more distant mass.
If the samples of high-velocity stars and clusters continued to increase, ad hoc explanations
would have seemed improbable and mutual containment only pushed the 'dark matter'
problem further away without solving it. Despite all the uncertainties and reservations
previously expressed, the author felt safe to conclude that (a) within R0 , there was about as
much mass in a spheroidal (mostly dark) halo as within the luminous disk; and (b) outside

R0 , there was at least 2 and probably 3-10 times as much matter as inside.
Trimble continued the review of the various known components of the visible universe
such as other spiral galaxies, elliptical and dwarf galaxies, galaxies in binaries and small
groups, rich clusters, superclusters and global considerations. This section of the paper
concluded with a discussion on the value of  , particularly in respect to   1 . The case for
this value was set out by the model of evolution of the early Universe entitled ‘inflation’.
Briefly this model started with a period of exponential expansion, which was triggered by a
high temperature phase transition, which suggested that widely separated parts of the
Universe were once connected, so it could have been reasonably assumed that the distant
parts would have the same densities and temperatures. This gave   1 to a very high
precision. There were other versions of inflation which permitted   1. At that time the
subject of the relationship between particle physics and cosmology and its implications for
the values H 0 , , and the cosmological constant  was under intense review. The other
main argument for a critical-density came from the difficulties of forming galaxies and larger
structures if   1 without simultaneously introducing into the 3-K background radiation
larger inhomogeneities than the present upper limit.
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Table 9. Determination of Galactic mass as a function of galactocentric distance
(after Trimble, 1987: 431)
R
(kpc)

Method

M sun

12-17
17

RR Lyrae towards the LMC
(isotropic velocities)
Globular cluster velocities

20

Globular clusters (circular orbits)

44
50

(isotropic orbits)
Globular cluster and satellite galaxy
Tidal radii
Halo star and cluster velocities

65

Escape Velocity of 3RR Lyae

50-100

Globular clusters (isotropic
velocities)
(no radial orbits )

50-100
100
100

Globular cluster velocities
Globular cluster and satellite
velocities (if all bound)
Globular cluster isotropic velocities

118

One globular cluster

Total
Total

Mass

Escape velocities of field halo stars
Globular cluster and satellite Galaxy tidal radii

(2.6  2.9) 1011

2 1011
(0.3  0.8) 1011
2 1011
(8.9  2.6) 1011
4.4 1011
(10  30) 1011
(5  2) 1011

10 1011
2 1011
9 1011
10 1011
 10 1011
 5  mass to R0

10 1011 M sun

Trimble commented that most of the authors that she had cited were convinced of the
existence of significant amounts of non-luminous mass. However, the scale of the existence
of 'dark matter' can be reduced or eliminated if any of the following alternative hypotheses
could be accepted:
(1) The tracer stars were brighter than assumed within the solar neighbourhood.
(2) With respect to the rotation curves of our Galaxy and other spirals, the outer gas in
non-circular and in permanent orbits which was due to recent arrivals, companion etc.
caused the luminosity at large radius to be under underestimated, because the sky
background brightness was overestimated.
(3) The outer high-speed objects in globular clusters, companion galaxies, and outlying
stars of our Galaxy and other galaxies were not in permanent bound orbits.
(4) X-ray emission from elliptical galaxies indicated a gas temperature distribution that
declined steeply towards the galaxy centre.
(5) Dwarf spheroidals, which had not been tidally distorted by our Galaxy due to their
galactic mass being small, had a stellar velocity dispersion that was partly due to
binary and pulsating stars.
(6) The velocity dispersion of stars and globular clusters in galaxies and galaxies in
clusters had a preponderance of circular orbits at large radius.
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(7) There was a preponderance of radial orbits or isotropic distribution in binary galaxies.
(8) There were many small groups unbound or bound only as a part of large structures.
(9) There were rich clusters not yet relaxed with interacting subsystems and they were
X-ray gas polytrophic rather than isothermal with their dynamics dominated by a
central massive core.
If   1 was accepted there was no way of avoiding sizable quantities of non-luminous mass.
The question was posed that if we accept the evidence for non-luminous mass on many
scales, what was it made of? There did not appear to be a single candidate, as it was difficult
to be the sort of object which was cold enough to settle into our Galaxy disk and at the same
time be hot enough to remain much less clustered than the superclusters over the age of the
Universe.
Ordinary baryonic matter appeared to be closest to meeting these stringent conditions. It
was known to exist in dense stars as well as very diffuse X-ray emitting gas. The other
candidates being considered included black holes, neutrinos and a whole range of particles,
most of which were hypothetical.

Table 10. Amounts of Mass on various Scales (after Trimble, 1987: 451)
Scale

M /L



Visible stars and clusters

1

0.001

Visible parts of galaxies

10

0.01

Binary galaxies and groups

10-100

0.01-0.1

Rich clusters & superclusters

100-300

0.2  0.1

Largest scale coherent structures

700-150?

0.5-1.0

Inflationary scenario

1000h

1.0

Stars and gas were so conspicuous that they could have been immediately rejected as
candidates and some others such as gravitational radiation and primordial black holes were so
inconspicuous that we were unable to consider them.
The most significant aspect of the conventional hot Big Bang theory was its ability to
account for approximately 25% helium in the matter expanding and cooling from it. The
initial conditions of the model had to be chosen carefully. If the baryon density was too high
or the number of different types of neutrino species was more than three, too much He and
not enough H 2 evolved.
The largest  (baryon) consistent with deuterium production depended on the present
abundance which was subject to destruction by passage through the stars (possibly two thirds
of the original amount) and other effects in nuclear physics. Based on conventional physics,
allowing for generous error bars, the standard hot big bang theory indicated:
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0.015  h2  0.15 .
This nucleosynthesis limit overlapped the  determined from clusters and superclusters,
which could have then consisted of only baryonic matter. Changing various factors such as

H 0 (to  25 kms 1 Mpc) or various inhomogeneities in density, temperature and the neutronproton ratio, n/p, could have also reduced or increase production, possibly to permit   1 in
baryons. The n/p ratio could have varied as the neutrons drifted out of dense regions when in
the presence of a magnetic field, but the protons could not.
Finally, one could have produced a model abandoning the Big Bang nucleosynthesis
completely and produced deuterium, helium, and the photon background elsewhere; however
such models have not been successfully produced to date.
The author summarised the position of baryonic matter by stating that it could not be ruled
out and offered some advantages in models up to at least  ~ 0.15 level. If the
nucleosynthesis lower limit of b or the need for dissipative material in the galactic disks
was taken seriously “then at least some of the non-luminous mass must be baryonic”
(Rubin, et al., 1987). Trimble noted:
A gravitational coupling constant that increases monotonically with separation, or varies suitably
with acceleration, would mean that the amount of matter present in luminous galaxies or parts of
galaxies could act like a large amount of dynamical mass and suffice to account for flat rotation
curves and large velocity dispersions (Trimble,1987: 456).

There were theoretical models and experimental indications that G may vary but the results
did not match observations as well as the 'dark matter' models.
The non-zero cosmological constant  acted like the zero-point energy of a quantum field
theory and contributed homogeneously. Astrophysicists had debated the possibility of
non-zero  for years without any definite conclusion. It did make models of galaxy
formation easier, but could not solve the 'dark matter' problem on all scales, being unable to
form clusters.
A recent review of particle physics and cosmology suggested that there were only 36
candidates. These entities could be classified in terms of their predicted mass, the related
theory that predicted them and their astrophysical contribution as 'dark matter' mimics and as
hot or cold 'dark matter,' as shown in the following summary (Table 11).
All limitations derived from models of galaxy formation should be accepted with caution as
there were a number of other unrelated parameters and processes that contribute and their
effects were not always separable:
a) The spectrum of the initial perturbations.
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b) The possibility that galaxies do not trace mass.
c) Gravitational clustering and relaxation after formation.
d) Non-gravitational mechanisms for galaxy formation such as gas dynamical effects of
exploding stars, super-massive objects, or active nuclei that consolidated gas.
All these parameters made it difficult to extrapolate back from observed galaxies to the
nature of the underlying 'dark matter'.

The hot/cold distinction was important since in an expanding cooling universe dominated by
particles of mass m, the Jeans mass is

M J  3 1018 M sun / mi  eV  .

(39)

For a dominant particle of 10-100 eV (hot 'dark matter'), super- cluster-sized structures
would have formed first and then at a later stage fragmented into galaxies. Masses of MeV,
GeV, or more would have caused galaxies or smaller structures to form first with larger
objects being built up by gravitational clustering (cold 'dark matter').
Hot 'dark matter' was the first to be considered, as neutrinos and antineutrinos associated
with electrons and muons were known to exist. A small extrapolation back in time of the hot
big-bang conditions determined from nucleosynthesis gave a reasonably accurate calculation
of their number density at about 100 cm 3 for each species. The rest masses must be
10-100 eV to add up to   1 . The situation with hot 'dark matter' could have been
summarised by its ability to produce large-scale structures and possibly even the very largescale streaming. But it could not be the only non-baryonic component present at the time of
galaxy formation.
A large proportion of the candidates in Table 9 is cold 'dark matter' and is sometimes
referred to as WIMPS (weakly interacting massive particles). Axions were also considered as
cold 'dark matter' despite their very small mass. However, early cold 'dark matter' theories
acknowledged that there would have to be some biasing to have achieved correlation over
large scales.
If galaxies form only at several-sigma density peaks, then they will be more clustered than the
underlying 'dark matter', because most of these peaks will be small fluctuations sitting atop large
scale, smaller amplitude ones (Trimble, 1987:459).

Several biased cold 'dark matter' programs have been successful in accounting for the
observed properties of galaxies and clusters. There were minor difficulties in how to do the
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related mathematics but the main problem was evaluating the effect of voids, superclusters
and the very large scale streaming motions.
Hot 'dark matter' theories had difficulties coping with small scale phenomena and cold
'dark matter' was in difficulty with large scale phenomena so there have been attempts to
combine their better features. This had been done assuming the existence of massive particles
that decay in accordance with the Theory of Relativity and to the arguments of two or more
kinds of 'dark matter'.
Table 11. Summary of non-baryonic 'dark matter' candidates (after Trimble 1987: 457).
___________________________________________________________________________
Approximate
Candidate Particle
Mass
Predicted by
Astrophysical effects
__________________________________________________________________________________
G(R)
___
Non-Newtonian gravitation
Mimics DM on large
scales
 (cosmological constant)
___
General relativity
Provides   1 without
DM
Axion, majoron , goldstone
5

boson
10 eV
Ordinary neutrino
10  100eV
Light higgsino, photino,
gravitino, axino, neutrino 10  100eV
Para-photon
20  400eV
Right-handed neutrino
500eV
Gravitino etc.
500eV
Photino, gravitino, axino
mirror particle, simpson
neutrino
keV
Photino, neutrino, gluino
Higgsino, heavy neutrino
MeV
Shadow matter
MeV
Preon
20  200TeV
16

QCD:PQ symmetry breaking
GUTs
SUSY/SUGR
Modified QED
Superweak interaction
SUSY/SUGR

Cold DM
Hot DM
Hot DM
Hot/warm DM
Warm DM
Warm DM

SUSY/SUGR

Warm/cold DM

SUSY/SUGR
SUSY/SUGR
Composite models

Cold DM
Hot/cold (like baryons)
Cold DM

Monopoles
10 GeV
Pyrgon, maximon, perry pole, newtorites,

GUTs

Cold DM

1019 GeV
Supersymmetric strings
1019 GeV
15
Quark nuggets, nucleareites 10 g
101530 g
Primordial black holes

Higher –dimension theories

Cold DM

SUSY/SUGR

Cold DM

QCD,GUTs

Cold DM

General relativity

Cold DM

Schwarzschild

Cosmic strings, domain
walls

10810 M sun

GUTs

Promote galaxy formation, but

cannot contribute much to 
__________________________________________________________________________________
DM, Dark Matter; QCD, quantum chromodynamics; PQ, Peccei & Quinn; GUTs, grand unified
theories; SUSY, supersymmetric theories; SUGR, supergravity; QED, quantum electrodynamics.

There was also the suggestion that the Universe ended its inflationary epoch with   1 in
some form of unstable WIMP which made galaxies, which then decayed leaving   1 in
decaying products but only 0.2 in bound structures. There could not be any photons in
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decaying products, thus the WIMPs could not be photinos. Gravitinos and heavy neutrinos
could be possibilities. Theories on this basis were difficult to resolve as they made the
look-back age of the Universe very short and must leave at least half the initial dark mass of
a spiral galaxy in the halo in order to reproduce the flat rotation curves.
Although a lot of work had been done in the areas of astrophysical and laboratory methods
to detect 'dark matter', very few results had been confirmed at the time of the preparation of
Trimble's paper. Some observations had indicated the existence of 'dark matter' such as
gravitational lenses and a feature near the centre of the Milky Way which had been attributed
to “strings”.
Virginia Trimble concluded her paper by posing the question “Is there a 'dark matter'
problem?” Then she suggested that it was not necessarily the problem. There are a number of
astrophysical problems which could be solved by different kinds of 'dark matter'. There was
no single kind of 'dark matter', with the exception of baryons, which could solve all the
problems at once. It would have seemed the wrong approach to apply numerous theoretical
types of 'dark matter' to match the observed properties of spiral disks and halos, ellipticals,
dwarf galaxies, clusters, superclusters and galaxy formation (Trimble, 1987).
Trimble managed to bring together the current thought at that time on what may be 'dark
matter', similar to the work done by Rubin et al., (1983) about galaxies, Trimble clarified the
discussion on 'dark matter' and concluded that there were observational, theoretical, and
experimental programs currently in progress which would improve our understanding of the
amount, distribution, and nature of 'dark matter'. However Trimble gave the impression that
she favoured baryonic matter as the 'dark matter', whereas the current concept was that it was
non-baryonic.

6.13 Dark Matter in the Universe-1987 IAU Conference.
Editors’ Comment:
This is the first time that the International Astronomical Union has held a symposium on objects of
totally unknown nature. In fact M. Rees has pointed out that the mass of the individual particles
that make up 'dark matter' is unknown to >70 orders of magnitude. Since 'dark matter' appears to
make up ~ 90% of the mass of the Universe; it presents us with one of the most fundamental
problems in astrophysics” (Kormendy & Knapp, 1987: xv).

6.13.1 Sandra Faber – Dark Matter; Key Issues
The conference was opened by Sandra Faber setting out the key outstanding questions to be
considered at the conference and to form a backdrop to the purpose of the conference
(Faber, 1987).

220

DARK MATTER from MICHELL to MACHOS

Figure 104: Professor Sandra M. Faber (1944 - )
(after http://astro.ucsc.edu/~dept/facultry/faber.html)

Sandra Moore Faber (born 1944) is a professor of Astronomy and Astrophysics at the
University of California, Santa Cruz, and works at the Lick Observatory.
The purpose of the conference was to determine (Faber, 1987)
(1) How many species of 'dark matter' were there and whether both baryons and
non-baryons were involved?
(2) How was 'dark matter' distributed relative to baryons on all scales?
(3) Were voids really empty?
(4) Was there high-amplitude structure in the matter distribution of the Universe on
scales ~ 100Mpc ? If so, how could it be accounted for in terms of known plausible
physical processes?
The paper pointed out that after more than fifty years since Zwicky’s study of the Coma
cluster, the intense controversy on the question of the “missing mass” was not over yet. After
this amount of time, it was worthwhile to review how far research had come in answering
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that question. To this end the author set out in more detail the questions that needed
answering.
Were we sure yet that 'dark matter' exists? Sceptics were still attacking the inadequacies in
observational data and its analyses. Others were attacking the law of gravity. Actually the
basic astronomical data had not changed much over recent years and even if there was not an
actual detection in the laboratory, most of the available evidence had already been found.
This evidence will be tested over many years to come to see where it fits into the various
aspects of cosmology.
How many species of 'dark matter' were there? The first question to be answered was do we
need baryonic 'dark matter'? It was suggested that 'dark matter' existed in five types of
structures of varying sizes from the solar neighbourhood, through to dwarf galaxies, large
galaxies, groups and clusters, and superclusters.

White and Rees in their 1978 paper

proposed that in the last four, the 'dark matter' consisted of material that entered into a
dissipationless state before the galaxies collapsed. By contrast the 'dark matter' in the solar
neighbourhood was usually assumed to require dissipation during or after the formation of
the Galaxy.
The dissipation in our Galaxy probably pointed to baryonic component in the 'dark matter'
and within the context of solar-neighbourhood astrophysics there did not appear to be any
difficulty in finding viable candidates. At the conference Larson pointed out that plausible
changes in the local interplanetary magnetic field and history of star formation could
considerably increase the number of white dwarfs in Bahcall’s Galaxy model for observed
components (Bahcall, 1987:20).
Schramm and Freese in 1985 deduced that there were extra dark baryons outside galaxies
and demonstrated, within errors, that all 'dark matter' in galaxy halos could be baryonic
without violating nucleosynthesis constraints, so long as TOT
DM  0.2 in total.
Another alternative was that there were extra baryons in the Universe, not around the
galaxies but in voids associated with galaxies which failed to form, i.e. biased galaxy
formation. If such bias operated on a large scale it would have had a significant effect on the
then current thinking about the large-scale distribution of matter in the Universe.
These concepts needed more careful consideration. Had the baryonic component of
individual galaxies been over estimated because of the inclusion of 'dark matter' within the
optical radii? Also, the extra baryons in X-ray clusters had not been included.
Secondly, a similar question must also be asked, do we need non-baryonic 'dark matter'?
There were two strong reasons for needing it: the belief in inflation which strongly supported

  1 (if   0 ) and the requirement to make galaxies in the present period without
affecting the function  T / T in the microwave background. An alternative to this theory was
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suggested by Ostriker and Cowie in 1981, that galaxy formation resulted from galactic
perturbations generated by hydrodynamic processes of winds and supernova explosions in an
earlier generation of stars. However, this theory did not receive very much support as it could
not explain structures on a very large scale, the energy requirement being too great.
A critical question arose as whether there was so much 'dark matter' that   1. The main
support for this possibility came from the inflation theory. This theory was not widely
accepted by astronomers at that time because of the great ages measured for globular clusters,
such as 17  2 -b.y.
Subsequently, Vandenberg in 1985 showed that cluster ages could be close to 14 b.y. when
oxygen, the most abundant metal, was increased by as much as +1.0 dex relative to Fe, in
metal-poor stars. This, when coupled with some possible uncounted mass in voids due to
biased galaxy formation, made   1 an attractive astronomical option for the first time.
What was  DM /  BARY on galactic and sub-galactic scales? The understanding of the
distribution of 'dark matter' relative to baryons in the Universe was an important clue to the
identity of 'dark matter'. 'Dark matter' and baryons were radially separated on scales smaller
than galaxies in which dissipation operated. It could be assumed that all galaxies initially had
the same ratio of baryons to 'dark matter', which was later changed by various processes such
as tidal stripping of dark halos.
It was virtually impossible to determine an accurate measurement of the total 'dark matter'
in any one galaxy. The best that could have been hoped for was to obtain indisputable
evidence that every galaxy had some 'dark matter'. This had been confirmed for spiral
galaxies but only tentative results had been obtained for ellipticals.
The result for ellipticals may be determined by the X-ray studies currently being
performed. Hot gas in the galaxy potential well gave an unambiguous mass distribution and
the true shape of the well, which could be compared to the shape of the visible isophotes.
This could be provided if both the gas density and temperature profiles were known and the
X-ray maps had sufficient angular resolution.
Otherwise there was only indirect evidence for the 'dark matter' around ellipticals, such as
flat rotation curves in disks associated with large spheroids, plus the fact that groups and
clusters dominated by ellipticals and lenticular galaxies (S0s) showed the strongest
dynamical evidence for 'dark matter'. Analysis of the total baryon content of the S0's
suggested, that the ratio of 'dark matter' to baryons was similar to spiral-dominated groups.
Then we must also have had considered the 'dark matter' in little galaxies as compared to
big galaxies. This was a powerful test of elementary particle models of 'dark matter' which in
principle could rule out neutrinos. Very small dwarf spheroidals offered a good opportunity
in the search for 'dark matter', because their very low surface brightness may have reflected
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abnormally low baryon content. If the deficiency was large enough, there may be a marked
and unambiguous 'dark matter' excess within the optical boundaries of our Galaxy, which did
not seem to have occurred in larger spirals. Based on this argument, exceptionally low
surface brightness dwarf spheroidals could show higher M DM / M Bary and M L than
brighter systems such as Fornax.
Comparable baryon loss had not occurred in gas-rich dwarf irregulars, and M DM M BARY
may be closer to the one-to-one ratio typical of spirals, in the inner regions. Although there
may be a lot of 'dark matter' in our Galaxy, the average over the inner parts may not show
any 'dark matter' excess. Therefore it may be necessary to infer 'dark matter' from the shape
of the rotation curve in the outermost regions in these dwarf galaxies. The gas extends well
beyond the optical boundaries in a lot of these objects, but the rotation was often weak and
random motions were significant, so the dynamics were difficult to analyse.
Major questions about 'dark matter' still remained, even though the mass distribution was
well understood in spiral galaxies. The current important objective was to understand the
total mass distribution with radius, then decompose it into baryonic and 'dark matter'
components. This approach had been criticised at several levels. For example, in the bulgedominated regions of early-type galaxies, the observed rotational curves may not represent
true circular velocities.
Consider the Sombrero galaxy (see previous Figure 101) where the rotational velocity of
100kms-1at 1kpc would indicate a local M LB of only 0.5, which was much lower than
expected. Moving outwards the M LB rises quickly reaching 5.0 at 10 kpc, which was a
reasonable value. Perhaps these characteristics were due to the effects of the slowly rotating
million degree plasma in the bulge. The Sombrero was an extreme example because of its
very large bulge. But if such an effect did exist in bulge-dominated regions of spirals, it was
possible it would distort efforts to decompose 'dark matter' and baryonic components as a
function of radius. There were further objections that suggested that decomposition was
never possible without the “maximum disk” assumption applied to baryons or an isothermal
sphere assumption for 'dark matter'. These assumptions had yet to be justified.
What was the large-scale Structure of the Universe, and can 'dark matter' alone account for
it?
The then current and the most critical problem in cosmology was understanding the origin
of perturbations in the Universe on large scales. There were both observational and
theoretical issues. There was still a severe lack of observational data, although the redshift
surveys have supplied some preliminary evidence for the 100 Mpc scale structure and studies
of the cluster-cluster correlation function. There were difficulties with correlating the results
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between the different hemispheres, which used different equipment; the nearby 100 Mpc
structures cover large angles on the sky with seasonal variations in the observing conditions
and variable galactic extinction.
A more basic problem was an observational limit that permits the sampling of only a few
100 Mpc sized volumes. Therefore it was not possible to determine whether or not large
voids, such as Bootes, were a rare event. Extensive redshift surveys at faint levels were
needed to correct this lack of data.
What did the distribution of lenticular galaxies, the subject of nearly all surveys so far
reviewed, tell us about the underlying total matter distribution? As described above, biased
galaxy formation may have contributed to the formation of large-scale voids and clumps and
was part of several scenarios. It also introduced a major new degree of freedom in
interpreting the data. This could have suggested that galaxies did exist in voids, but they were
smaller and/or of lower surface brightness than those populating the nearby local
supercluster. Catalogues of magnitude or diameter limited objects would cause undersampling. Careful searches using new techniques were needed to answer the question;
whether a void means no baryons, no 'dark matter', both, or neither?
The paper then moved on to question the value that should be placed on the galaxy-galaxy
correlation function  gal proposed by Peebles in his 1980 paper. Indications from several
researchers suggested different results in estimating the amplitude of  gal from any of the
common fluctuation spectra. The author summarised the situation with the comment that it
was not clear what the true amplitude was of matter fluctuations in the Universe on 100 Mpc
scales. If these fluctuations were large, how could they be generated from known physical
processes?
How had 'dark matter' shaped the structure of galaxies? The effect of 'dark matter' on the
luminous parts of galaxies began very early through three phases: initial formation, a period
of isolated self contained evolution and later interactions.
During the initial formation, did 'dark matter' gravity control the gravitational collapse of
galaxies? Did galaxies form early without violating the microwave background because of
the 'dark matter' gravitational effect and if so, then further questions must be answered?
What was the resultant angular momentum spectrum of galaxies, and what did a forming
proto-galaxy look like - was it a centrally concentrated, rather symmetrical blob, or was it a
collection of smaller lumps, each one collapsing simultaneously on its own and developing its own
substructure? (Faber, 1987:8).

To the last possibility it might be necessary to add the effect of dynamical friction as a
further dissipational process.
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During the period of isolated evolution it was necessary to understand the dynamics of twocomponent galaxies in which the dark halo component may be triaxial. There had been a
suggestion of angular momentum exchange between baryons and halo, the stabilising or
destabilising of disk orbits at certain radii, disk warps caused by triaxial halos or stabilized by
spherical ones. The timing of these events would have had a significant effect on the shape of
the galaxy.
In the final interactive phase 'dark matter' influenced the frequency and the type of galaxygalaxy interactions. Large 'dark matter' halos increased the cross-section for galaxy-galaxy
collisions and when two such halos merged, the coalescence was quite efficient, provided the
mutual orbital energy was low or negative. Recent research suggested that galaxies were
continuing to grow in size. Or perhaps the halos continue to merge but the luminous cores
remain separate for long times. It was possible that the luminous portions of the galaxies
were continuing to grow and this should be able to be confirmed by space telescope
observations.
Sandra Faber concluded her paper with comments on new approaches to improve our
understanding of 'dark matter'. Firstly was the effect of gravitational lenses. Turner had
previously commented at the conference, that as far he was aware there was only one obvious
lens candidate. However, this was subsequently shown not to be correct by the MACHO
projects. The lenses indicated that there were major mass concentrations in the Universe that
were not centred on visible galaxies.
Secondly, there was the research into the cosmological redshifts in look-back studies. As
light travels through millions of light years, its spectra changes due to the different
frequencies of each colour. These changes indicate how far the light has travelled from the
source. They could show an increase in mean galaxy luminosity as a function of time and as
a result of mergers. There was a related phenomenon that may be observed, the evolution in
amplitude and slope of the galaxy-galaxy correlation function.
Lastly there was the study of particle physics theories and perhaps even experimental
confirmation of 'dark matter'. The possibilities for direct detection included the measurement
of a non-zero neutrino mass, the interaction of axions in a magnetic field, or the detection of
phonons as 'dark matter' particles collide with a crystal lattice at the weak interaction rate
(Faber, 1987).

6.13.2 John N. Bahcall - Dark Matter in the Galactic Disk
John N Bahcall’s main purpose with his presentation was to convince his audience of two
results of work completed by him in 1984 (Bahcall, 1987):
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zscaleheight  0.7 kpc

(41)

Figure 105: John n Bahcall (1934-2005)
(after http://en wikipedia.org/wiki/John_N_Bahcall)

The first equation states that the amount of unobserved material in the vicinity of the Sun
was between 0.5 and 1.5 times the observed material. The second equation limited the
exponential scale height of the unobserved material in the galactic disk, if it was a single
population of matter, to 0.7 kpc. Therefore, approximately half of the matter near the Sun
was unseen disk material which had a scale height of less than 0.7 kpc.
The unseen material that is inferred from galaxy rotation curves at large galactocentric distances
and from applying the virial theorem to groups and clusters of galaxies may not be the same as the
unobserved disk matter (Bahcall,1987:17).

Particle physicists referred to the unobserved material at large galactic radii and in clusters
of galaxies as being dissipationless particles, whereas the unseen disk material was
presumably dissipational. Probably, the unseen material in the disk consisted of smaller stars
and planets with too low a luminosity to be detected. The author reminded the audience that

227

DARK MATTER from MICHELL to MACHOS
it was Oort’s early studies of the total amount of matter in the solar vicinity that led to the
possibility of “missing mass”. Other papers at this conference referring to missing mass do
not account for the unseen matter near the Sun.
The method the author used to determine the mass of the matter in the local neighbourhood
was pioneered by Oort from available observations of matter in stars, gas and clouds, from
which a detailed model of observed matter was constructed. The density distribution and
velocity dispersion of a set of tracer stars perpendicular to the galactic plane were taken from
recorded measurements. Several theoretical models were then computed for the expected
distribution of tracer stars within different gravitational potentials, i.e. mass distributions.
Then the amount of matter that was actually present in the Galaxy could be determined by
the comparison between the observed and computed distributions.
Bahcall was able to use modern computers and up-to-date observations of tracer stars, more
realistic galaxy models and more accurate theoretical solutions to achieve an accurate
measurement of the total amount of matter in the solar vicinity. Then Bahcall solved
numerically the combined Poisson and Vlasov equations for the gravitational potential of
galaxy models. These models comprised very large numbers of individual isothermal disk
components within a massive unseen halo. Calculations were then made based on different
assumptions about unseen matter and the results compared with the observed number
densities of F dwarfs and K giants versus height above the galactic plane. Because the
solutions were computed, estimates of errors were more easily obtained by varying all of the
parameters within different models.
Table 10 gives a summary of the relative amounts of observed mass components, together
with their velocity dispersions, which had been derived from galaxy models by Bahcall and
Soneira (B & S) in 1980 and by Hill, Hilditch and Barnes (HHB) in 1979. The mass fractions
were defined in terms of the total observed mass density in stars, gas and dust:

Ai 

i (0)
.
obs (0)

(42)

As one measure of uncertainty, Bahcall used the difference between the results obtained
from the galaxy models. Although the models are similar, their main difference was the
estimated mass density assigned to white dwarfs and to the interstellar matter. The results
from the models had been amended to take into account more recent estimates of the mass
density of these objects and are shown in Table 10. It was not possible to determine how
unseen material was distributed and therefore it was necessary to try different models for the
unseen material to try and get a fit to the assumptions that had been made.
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Table 12. The Galaxy Model for Observed Components (after Bahcall, 1987: 23)
_________________________________________________________________
Component

B& S Mass
Fraction  Ai 
3

( M sun pc )
(1)

(2)

vz2

1
2

HHB Mass

 Ai 

Fraction

 kms 
1

(3)

(M sun pc

3

)

(4)

__________________________________________________________________
Main Sequence Stars:
M v  2.5 mag

0.021

4

0.038

2.5 mag  M v  3.2 mag

0.015

8

0.019

3.2 mag  M v  4.2 mag

0.031

11

0.033

4.2 mag  M v  5.1 mag

0.035

21

0.034

5.1 mag  M v  5.7 mag

0.025

20

0.023

0.037
0.0358
0.0626
0.0536
0.626
0.834
0.016
0.052

17
8
13
15
20
24
20
21

0.036

0.469

4

0.001

100

5.7 mag  M v  6.8 mag

M v  6.8 mag
Sub-giants and Giants
White dwarfs
Atomic H and He
Molecular H and Dust
Spheroid

0.0262

0.185
0.287
0.083

_______________________________________________________________________
There is a uniquely simple model, which is characterized by only one parameter, the overall
scale factor, P, between the observed and unobserved material. In this illustrated model, the
unobserved mass density in every component, i, is proportional to the observed mass density
in the same component (Bahcall, 1987: 23).

Figure 107 illustrates why the missing matter was necessary in the disk. A comparison was
made of the measured star densities of Hill, Hilditch and Barnes in 1979 with a sequence of
models computed assuming the scale factor P = 0.0, 0.3, 0.5, 0.75, 1.2, 1.5, and 2.0. The
figure shows the gradual improvement between the model and observation as it moved from
no unobserved material (P=0.0) to best fit (P=0.97), then the worsening of the fit as the ratio
of unobserved to observed moved to an unacceptable level (P= 2.0). Additional unseen
matter must be added to reduce the calculated curve for small values of P, as the observed
distribution of F stars falls off faster than the calculated distribution. Figure 108 illustrated
the agreement between the number densities for Oort in 1960 and the Upgren in 1962
samples of K giants, and Figure 109 was the best fit for the Oort data, based on the simple
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proportional model. John Bahcall had studied many possible models of the distribution of
unobserved material where it had small velocity dispersion like the older stars or distributed
like all the observed stars, or where the maximum scale height was consistent with the
Galaxy rotation curve.
Table 13 recorded the ratio of unobserved to observed mass density for 28 detailed models
that fitted the observed distribution of K giants. The models represented numerical solutions
of the combined Poisson-Vlasov equation for different input parameters, as well as for
several assumptions about the distribution of the unobserved disk material. The best fit
models for Oort densities for both the volume and the column density had approximately the
same amounts of unobserved and observed material. In comparison the Upgren densities had
a best fit model where there was 40% more unobserved than observed matter. The averages
were for illustration purposes, as only one of the models could be correct for the distribution
of unseen matter. Similar results could be obtained if the models were based on observed
samples of F dwarfs.
Table 13. Ratio of Unobserved to Observed Disk Material (after Bahcall, 1987: 24)
_________________________________________________________________
Oort Densities
Upgren Densities

unobs (0)
obs (0)

unobs (0)
obs (0)

 unobs
 obs

 unobs
 obs

__________________________________________________________________
Row (1)
(2)
(3)
(4)
(5)
1………..
1.1
1.1
1.5
1.6
2………..
1.6
1.6
2.1
2.1
3………..
0.6
0.6
1.0
1.0
4………..
0.9
0.9
1.3
1.4
5………..
1.3
1.3
1.8
1.8
6………..
1.3
1.1
1.8
1.6
7………..
0.6
1.2
0.8
1.6
8………..
0.7
0.7
1.0
1.0
9………..
0.4
0.7
0.5
1.0
10………
2.4
0.5
2.6
0.5
11………
1.5
0.3
2.2
0.5
12………
0.6
2.5
0.7
3.2
13………
1.1
1.1
1.5
1.6
14………
1.5
1.5
2.0
2.0
___________________________________________________________________
Average.
1.1
1.1
1.5
1.5
___________________________________________________________________
(after Bahcall 1987:24)
Table 13 gives the ratio of unobserved to observed mass density for twenty-eight detailed
models (see Bahcall 1984b for a description of these models) that fit the observed
distribution of K giants.
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Figure 106: Comparison of measured versus computed number densities of F stars.
The measured densities are taken from the work of Hill et al., in 1979. The mass in unobserved
material is assumed to be proportional to the mass in observed material, stellar and interstellar, with
proportionality constant P (after Bahcall, 1987: 21).
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Figure 107. The comparison of the Oort in 1960,
Upgren in 1962 density distribution using
the average visual magnitude and absorption
adopted in Bahcall in 1984b
(after Bahcall,1987: 22).

Figure 108. The best-fit model for the Oort
K-giant data using the simple scale model.
(after Bahcall,1987: 22)

Based on the local volume density of unseen mass, the total amount of mass required in a
round halo would be larger than the amount of mass needed in a disk by about the ratio of the
galactocentric distance of the Sun to the disk scale height, i.e., by more than an order of
magnitude. Bahcall had previously determined that the largest scale height of the unseen
material was 0.7 kpc to be consistent with the solar rotational velocity. He had determined
this value from a succession of models in which the unseen material had progressively larger
vertical velocity dispersion. Each model was based on the distribution of tracer stars fitting
the observations of F dwarfs and K giants, plus being consistent with the observed rotation
velocity at the solar galactocentric position of 200 kms
velocity dispersion was 40 kms

1

1

. The maximum allowed vertical

.

Bahcall made several suggestions as to what the missing mass may be, such as brown
dwarfs which would less than a parsec away, with a proper motion larger than one arcsec per
year. Or, if the material had a mass similar to Jupiter, it would be about 0.2 parsec from the
Sun moving with a proper motion of about 5 arcsec per year. He basically confirmed that as
the proportion of unobserved matter increased a better fit in the models was obtained, but at
that time there was no real answer.
Bahcall concluded that a typical best-fit model implied about half of the disk material at the
solar position had not yet been observed. This was in qualitative agreement with previous
major studies, except he found a larger ratio of unobserved to observed material.
This investigation firmly established the existence of unobserved disk material. However, it
should be considered that the data samples of K giants were 25 years old and the velocity
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dispersions of the K giants and the F dwarfs could have been improved with modern velocity
techniques. The largest source of uncertainty in the Oort limit was the unknown form of the
distribution of unseen matter, which also should be improved with future observations. Most
of the unseen material must be in a disk form (Bahcall, 1987).

6.13.3 J. Ostriker - Mass determination and 'Dark Matter' at Intermediate Scales.
J. Ostriker (1987) presented a paper at the conference trying to clarify the confusion that
was apparently developing between what was 'dark matter' and what was 'missing mass.'

Figure 109: Jeremiah P. Ostriker (1937- )
(after http://www.psi.edu/Ostriker/ostriker_bio.html)
This confusion existed on two levels. Firstly, there were the scientific questions of
measurement. Certain regions of space were researched and by some technique the mass
within that region was determined. In conjunction, a mass-to-light ratio was determined from
the energy output in some wavelength band from this region, taking into consideration the
allowance for distance uncertainties. These were difficult measurements, as they were
affected by small number statistical uncertainties, i.e. using globular clusters to determine the
mass of the galactic halo, measurement errors that occur with binary galaxies, and systematic
questions of interpretation, such as with X-ray emitting gas around galaxies. These problems
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had been reduced with patience and skill and at this time there was a moderate agreement
concerning

the

large

mass

( ~ 1012 M sun )

and

high

mass-to-light

ratio

( M / LB  100M sun / Lsun ) for material integrated over distances in the range
30 kpc < r< 300 kpc, from the centres of giant galaxies.
Secondly, there was confusion in a semantic sense, which was less defensible and there had
been very little improvement. This occurred when the observed values of M or M L were
translated into statements, about 'dark matter' or 'missing mass'. What was not being
considered correctly was that the detected optical light was from giant stars which were
contributing very little to the mass of stellar systems. Most of the ‘observed stellar mass’
recorded was from low mass ( 0.1  M / M sun  0.6) normal stars, which contribute very
little to the observed flux. Their presence was assumed from a presumed analogue to the
solar neighbourhood. The mass was calculated from the observed light multiplied by an
assumed value of  M L  . Therefore, the ‘observed mass’ was simply the implied product of
an observed light and an assumption. This inferred stellar mass was deduced from the
dynamically determined mass and the remnant material called 'dark matter'. Following this
procedure, identical observations of M and L could have given different estimates for the
amount of 'dark matter' in the system. They should only be considered as estimates and to be
meaningful, had to include the assumptions under which they were determined.
The use or misuse of the term ‘missing mass,’ was even more peculiar. Even the sign of
this quantity was seldom known. It was applied to matter known to be present from
dynamical studies, such as 'dark matter' which was unseen, or was inferred from the visible
light. It was also used in the opposite scenario where mass was not determined dynamically,
but whose presence was needed to support some other argument, such as inflationary
cosmology. Therefore, when evaluating the dynamical effect of ‘missing mass,’ it was not
clear as to whether it should have been considered positive or negative. Luckily, the term
‘missing mass’ was slowly being abandoned in preference to 'dark matter'.
Ostriker proceeded to evaluate the history of ‘missing mass’ from Oort to Zwicky,
pointing out that the amount of local 'dark matter' necessary to obtain a balance in the solar
neighbourhood using Oort’s analysis, was much smaller than Zwicky’s. Zwicky’s anomalous
result was so odd that it needed a ‘cosmological’ explanation, or denied the validity of the
virial theorem when it was applied to clusters. However, the recent measurements confirmed
that the mass-to-light ratio gradually increased with radius, a common characteristic of stellar
systems. It could be understood that there could be an even larger admixture of 'dark matter'
with increasing radius as we proceed from the Oort to the Zwicky scale.
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Before moving on to modern results, the author noted that several careful early results
indicated an increasing (M/L) at the intermediate scales. With respect to our Galaxy mass,
estimates based on the rotation curve were limited to radii less than the Sun’s galactocentric
orbit. Except for the Andromeda Nebula, other galaxies were too far away for spectroscopic
observations.
There have been several studies of the Andromeda nebula to a fairly large galactocentric
radius, particularly the paper by Schwarzschild in 1954, who recorded that the rotation curve
of the galaxy was apparently flat, which suggested that it had a mass-to-light ratio increasing
rapidly with radius. Schwarzschild also suggested that there was a trend with size from
globular clusters with mass-to-light ratios in the order of unity, through to spiral and elliptical
galaxies to giant clusters of galaxies, such as Coma for which Zwicky determined a mass-tolight ratio in the range of ( 102.5  103 ) M sun / Lsun .
The early work was greeted with a great deal of scepticism. However, in the two decades
after Schwarzschild’s paper, the evidence has grown in favour of 'dark matter'. This evidence
was summarised in the paper by Ostriker, Peebles and Yahil in 1974 that displayed a
substantial body of data, which indicated that the conventional estimates of the mass and
radius of galaxies were severely underestimated.
The strongest individual piece of evidence reviewed by Ostriker, Peebles and Yahil was the
discovery by Kahn and Woltjer in 1959, that the M31 Galaxy was approaching our galaxy.
This observation of two objects, presumably affected by the Hubble Flow, indicated an
attracting mass in the system far in excess of the assumed stellar mass. By assigning the mass
of unknown origin, using the then current observational numbers, to the two galaxies,
roughly in proportion to their luminosities, a total mass of 5 1012 M sun was obtained, with
approximately 2 1012 M sun for our Galaxy out to a distance of 300 kpc. Based on recent
local group velocities, the author found the results were quite sensitive to assumptions of the
distribution of the attracting mass. If all of the attracting mass was placed at the centre of the
mass of the system, the total mass was reduced by a factor of nine. This was less than that
obtained from individual rotation curves.
During the period between 1975 and 1985 two important surveys were carried out of binary
galaxies by Turner in 1976 using optical data and Peterson in 1979 using radio data with
samples of ~ 101.5  102 galaxies, large enough to reduce some of the statistical uncertainties.
However, due to a host of difficulties, the analysis of these data was prone to serious
uncertainty. The best analysis of the data, using up-to-date observations and analytical
techniques, was by White et al, in 1983. For this data base:

M  r   1.3 1012 M sun  r /100kpc  .

235

(43)

DARK MATTER from MICHELL to MACHOS
This result was independent of H 0 and had an uncertainty of approximately 30%-50%.
When compared with original findings of Turner and Ostriker in 1977, of 2.2 1012 M sun at
270 kpc separation, and Peterson in 1979 of 1.0 1012 M sun per galaxy, at a separation of 130
kpc, these results were in reasonably good agreement. When expressed in terms of mass-tolight ratio, the binary results gave:

(M / LB )   70  20  h1   M / LB sun

(44)

within a radius of approximately 100h1kpc .This was smaller than the (M/L) ratios for
clusters, but significantly larger than the (M/L) ratios obtained from rotation curves of similar
galaxies.
Ostriker then reviewed the work being carried out in certain areas. Firstly, the attempts to
determine the mass of a galaxy within a globular cluster and the evaluation of X-ray halos
about massive galaxies. As satellites within the galaxies were very diffused and could not
survive a close galactocentric passage, a solution was offered excluding high eccentricity
orbits. But this increased the mass of the galaxy by four times. He concluded that the results
were inconclusive because of the lack of data, particularly the quantity of observations,
causing large uncertainties, due to unknown orbital eccentricities.
The author then discussed gravitational lensing, suggesting there were several ways that
beams of light from background objects passing through galactic halos can be used to probe
for the existence of 'dark matter'. Point-like masses in the beam can create significant
amplification of the brightness of some background stellar objects. Extended background
objects such as galaxies will appear crescent shaped. Ostriker considered that, although
potentially powerful and completely independent of those using mass points as test points at
that time, it only gave conflicting and highly insecure results.
Ostriker summarised his paper with the comment that the majority of the evidence seemed
to indicate “that within a volume between spheres of radius 10
normal giant

spiral of luminosity

4.5

pc and 105 pc surrounding a

L*  1.5 1010 Lsun ,there was typically found

2 1012 M sun with a mass-light ratio exceeding 102.5  M / LB sun ” (Ostriker,1987:90). For
ellipticals of the same luminosity the mass was typically twice as large. Even allowing for
variations due to galaxy types, Yahil in 1977 found that, although the (M/L) ratio can be
defined, there was no correlation detectable between M and L. Also Peterson in 1979 found
no correlation between (M/L) and galaxy pair separation.
The presence of substantial amounts of 'dark matter' in the outskirts of galaxies seemed to
be well established. But it was not clear how well bound or how well correlated the ‘light’
and ‘dark’ components were. Ostriker considered that an attractive conclusion would be to
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consider galaxy formation and the development of their halos as two separate phenomena
with the halos forming around the galaxies at a later time. This would permit the
environmental influences to produce the apparent irregularities which were observed
(Ostriker, 1987).
Ostriker was a little premature to suggest that the ‘missing mass’ concept was being
abandoned in favour of the 'dark matter' concept. The modern concept of missing mass is
'dark matter' with the effect of dark energy at more than three times the amount of 'dark
matter'.

6.13.4 Joseph Silk-Galaxy Formation
In this important paper presented to the IAU conference, Joseph Silk (1987) reviewed and
compared the theories of galaxy formation by way of cold 'dark matter' and by the
fragmentation of gaseous pancakes or shells.
Joseph Silk was Savilian Professor of Astronomy at the University of Oxford, and is a
world leader in the field of theoretical cosmology, seeking insights into 'dark matter', galaxy
formation and the remnants of the Big Bang. He attended both Cambridge and Harvard and
took a position at University of California until 1970 when he accepted the Oxford Chair in
1999. Silk asked:
“What determines the masses and binding energies of galaxies?” (Silk, 1987: 335).
There were two extreme view points which may have developed from the cosmological
initial conditions. Primordial curvature fluctuations, immediately at the inflationary epoch
some 1035 s after the big bang, developed adiabatically, generating growing density
fluctuations within the particle horizon on galactic and sub-galactic scales.
Small scales go non-linear at first, at redshift z ~ 30 , and cluster hierarchically, merging
together forming larger and larger systems. The gravitational clustering of weakly
interacting 'dark matter' determined the halo scale, with galaxies forming by the baryonic
infall into dark potential wells Peebles, (1984) and Blumenthal et al., (1984). This suggested
that galaxy formation proceeded from primordial isothermal fluctuations with the binding
energy of the galaxy effectively imprinted during the initial conditions.
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Figure 110: Joseph Silk, 1942− (after http:// www.physics.ox.ac.uk/astro/people/JoeSilk.htm).

The other alternative was that all primordial fluctuations on galactic and sub-galactic scales
were suppressed, Silk (1986), Bond et al., (1983) and that the only fluctuations that survived
were on galaxy cluster scales, which collapsed anisotropically to form thin sheet or pancakes,
which subsequently fragmented, Zel’dovich (1970). Galaxy halos were assumed to develop
by a secondary infall, if the weak interacting 'dark matter' dominated the mass density of the
Universe, Gunn (1977). Or, in a variation to this scheme, rare seed fluctuations of subgalactic mass exploded, gathering up a shell of matter that fragmented on scales of mass
greatly exceeding the initial seeds, Ostriker and Cowie (1981).
These two schemes formed galaxies by similar processes of dissipative fragmentation.
Although the physical processes of gravitational clustering with N-body dynamics and
dissipative hydrodynamics with gaseous shocks may seem different, they ended up forming
the luminous cores of galaxies in much the same manner. Dissipation dominated in luminous
cores, which was evident from simple observations, confirming that galaxies had a much
higher surface brightness than galaxy clusters. Dissipation set in on a unique scale, which
was determined by the comparison of free-fall collapse and cooling time scales
Rees and Ostriker (1977), Silk (1977).
These considerations could have encouraged the prediction of the existence of stars and of
galaxies using fundamental physical properties. This may have been possible for stars and
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sounds plausible for galaxies but was actually wrong for galaxies. To solve the galaxy
formation problem, specification of the initial conditions was required, which were then
evolved forward in time. As there was no prior knowledge of initial conditions, it was
necessary to work within the framework of preconceptions or prejudices with respect to these
conditions. The resulting theoretical models of galaxies could have then been tested against
the real Universe to confirm if the starting point was valid.
The paper reviewed various aspects of galaxy formation and concluded:
(1) The cold 'dark matter' theory of galaxy formation by hierarchical clustering was
attractive in its explanations of many characteristics of galaxies and galaxy clustering,
but it did have flaws, which were better explained by the pancake fragmentation
theories. Silk suggested that the ultimate theory will be a combination of both theories.
(2) Cosmology was more closely connected to the non dissipative 'dark matter' component,
but this was subject to further speculation because of the uncertainty of its spatial
distribution.
Eventually the dissipation diagram could become the “Hertzsprung-Russell” diagram of
extra-galactic astronomy (Silk, 1987).
Silk suggested that in the future, galaxy formation modellers concentrate more on models
of dynamical relaxation and dissipation, and place less faith in theories based on cold, warm,
hot or even no 'dark matter', which was contrary to the general conception of the part played
by 'dark matter'.

6.13.5 A.C. Fabian, K. A. Arnaud and P. A. Thomas- Cooling Flows and the
Formation of Dark Matter
This paper suggests another physical effect that should be taken into account when
considering the formation of galaxies (Fabian, et al., 1987).
The evidence for cooling flows in clusters of galaxies came from the process of cooling of
hot gas in the cores of clusters and galaxies by X-ray emission. The pressure of the outer
‘less dense’ gas pushed the cooling gas inwards. Thermal instability caused small density
perturbations to grow and drop out of the flow, over a wide range of radii within the cooling
region, forming ‘blobs’. Some of these so called ‘blobs’ can be seen through optical line
radiation. There were indications that the envelopes of the central galaxies were still being
formed and that much of the cooled gas condensed into objects of high mass to (visible) light
ratio. Some of the 'dark matter' was baryonic. “The profile of mass deposition in a cooling
flow, resembled that of the mass profile of the underlying galaxy” (Fabian et al., 1987:201).
The nature of the condensed objects remains unknown.
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What was indicated from X-ray and other data of large flows was that matter condensed
from hot gas in such a manner as to build large extended galaxies. During this process some
stars were also formed.
Fabian et al. offered a review of the important papers published over the previous ten years
and concluded with the comment:
The formation of cold 'dark (baryonic) matter', together with a small number of stars, from
X-ray hot gas, was continuing around and within many of the largest galaxies. Therefore,
some 'dark matter' was relatively young. If galaxies form from gas heated by collapse to a
temperature close to the virial temperature, then the pressure and lack of dust resembled a
cooling flow Fabian et al. (1985). It is only necessary for a small fraction of the mass to
condense into high-mass stars, which finally exploded seeding the gas with metal. Massive
galaxies could form over a relative long time without many bright stars (Fabian et al., 1987).

6.13.6 Ken Freeman-Parameters for Dark Halos
Freeman (1987) opened his paper with a confirmation of previously stated direct evidence
for the presence of the massive dark corona component (see also paragraph 6.1).
Did a flat rotation curve necessarily suggest the existence of a dark corona? There were
several arguments about this possibility and Freeman suggested, it may depend on how far
out in the radius the rotation data extend. Previous work carried out by Kalnajs (1983) clearly
illustrated this feature.
Kalnajs investigated whether the gravitational field of the luminous bulge and disk
components on their own, could produce the observed flat rotation curves. He assumed that
the mass to light ratio (M/L) was constant, calculating the expected rotation curves from the
surface brightness distribution.
Several examples of the predicted rotation curves from the surface brightness profiles were
in excellent agreement with the observed rotation curves without a dark halo. However, the
rotation data only extended out to about 3 disk scale lengths, which meant that the disk and
bulge together could produce a flat rotation curve. To produce this curve, there must be a
relationship between the scale lengths of the disk and the bulge, and the characteristic density
of the bulge and surface density of the disk, Freeman (1985).
Rotation curves out to 3 scale lengths offered little evidence about the presence of a dark
halo. However, beyond the 3 scale lengths, the predicted rotation curve, based only on the
disk plus bulge, began to fall, thus a flat rotation curve beyond about 3 scale lengths provided
strong evidence for the presence of a dark halo. If the rotation curve extended into the regions
where the dark halo dominated the gravitational field, the shape of the curve could be used to
estimate the scale length and the density of the dark halo.
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The procedure was to make a model of the galactic rotation curve, using a simple model for
the dark halo, disk and bulge components’ masses, based on surface photometry. The M/L
ratios and the parameters for the dark halo were adjusted to fit the observed rotation curve.
Freeman suggested that in the shape of the dark halo, there was evidence of warping of the
gaseous component in many galactic disks and it was not understood how the warps survived
Dekel and Shlosman (1983).
The rotation for several polar ring galaxies had been measured for the parent galaxy disk
and in the polar component. In both components, the rotation curve was flat and
with Vpolar / Vdisk  0.97  0.08 . If the dark component was in a disk, the ratio would reduce
to the range 0.6 to 0.8. The 'dark matter', therefore, was probably not disk like, but nearly
spherical.
An estimate could be made of the M/L ratio of the disk matter from its redshift
Bahcall (1984), van der Kruit (1984) and Freeman (1984). The M/L values ranged from 3 to
6 including the contribution from the 'dark matter' of the disk, but these were not large
enough to account for the amplitudes of the rotation curves in similar disk galaxies.
Therefore, it could be concluded that about half of the galactic mass in typical spirals does
not lie in the disk. The shape of the dark halo was not well known, but was considered to be
spherical rather than disk like.
The main constraint of the density distribution of the dark halo was that the rotation curves
were flat and in some cases out to many disk scale lengths. This suggested a density
distribution of   r   r 2 at large r. Some researchers used an isothermal sphere to model
the halo, whereas some used a distribution in the form of:

  r   o 1   r a  



1



(45)

where   2 . Each model had a characteristic central density and scale length, and associated
velocity dispersion  . Freeman suggested that it would be better to use a self-consistent
bulge + disk + halo model, where the halo was allowed to respond to the potential of the
bulge + disk, rather than simply by imposing the halo.
The question was asked "Are the luminous components gravitationally significant"?
To obtain the halo parameters, the rotation curve for the disk + bulge + halo model was
adjusted to match the observations, by adjusting the model parameters. The surface
photometry of the luminous components of the disk and bulge contributions gave the shape
of the rotation curve. The amplitude of the contributions was not known in advance, but
depended on the adopted M/L ratios for the luminous components. The observed rotation
curve placed an upper limit on these M/L ratios.
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The question was then posed as to whether the maximum M/L ratios should be used for the
luminous components, or should smaller ones be used? Rubin and associates at that
conference had indicated the similarities in the shape of rotation curves for different galaxies.
They suggested that the luminous components may not dominate the potential gradients.
There were two additional constraints on the M/L ratios for the luminous components:
(i) As previously mentioned, it was possible to estimate M/L ratios from the vertical
velocity dispersions of gas and stars for disks of face-on galaxy systems, including our
own. The results from several systems gave consistent values of M/L between 3 and 6,
which included the 'dark matter' of the disk.
(ii) Stellar population models gave M/L ratios between about 1.2 and 7 for old disk and
bulge populations, depending on their colour.
It seemed unlikely that the M/L ratios of the luminous components, including the
'dark matter' associated with the disk, could be much less than 2.
Pure disk galaxies had very small bulge components which enabled the parameters of
the dark halos to be established readily because:
(i) The simple disk + dark halo structure simplified the identification of each component’s
contribution to the rotation curve.
(ii) They were usually late type galaxies with extended HI distribution. Therefore their
rotation curves could be measured out to many scale lengths, an essential requirement to
establish the halo parameters.
Carignan estimated the halo parameters for three nearby pure disk galaxies, NGC 247, 300
and 3109 (Carignan and Freeman, 1985). He used surface photometry for the intensity I  r 
distribution, rotation curves V  r  out to large radii, and then calculated the rotation curve
associated with the I  r  distribution, and fitted the calculated V  r  to the observed V  r 
curve in the inner parts where the disk probably dominated the radial potential gradient. This
procedure gave the maximum possible M/L for the disk and the minimum halo.
From this procedure the observed V  r  curve lay well above the calculated V  r  in the
outer parts of each galaxy. This result confirmed the presence of a dark halo. The difference:
2
2
Vobs
 r   Vcalc
 r 

12

(46)

was represented by the circular velocity curve for an isothermal sphere, which was the simple
model for the dark halo. The isothermal sphere had a core radius rc , central density  0 and
velocity dispersion  , where

4 G0 rc2  9 2 .
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At large radii, the circular velocity for the isothermal sphere tended to 2 . This fitting
procedure gave estimates of rc and  for the dark halo. In some cases, it only gave the
ratio  rc , because the contribution of the isothermal sphere to the rotation conflicted with
the solid body rotation data, but this ratio was important, as it gave an estimate of the central
density of the dark halo. Figure 112 illustrates how the above procedure worked for galaxy
NGC 3109.
The galaxies studied by Carigan are all fainter than M B  18 . The Sc spiral NGC 3198
van Albada, et al. (1985) was brighter with M B  19.4 and was of interest in that the
rotation curve extended out to eleven disk scale lengths and it was easy to estimate the
parameters for the dark halo. Van Albada et al. used a dark halo model of the form

  r   0 1   r a  



1



(42)

where   2 . The maximum disk/minimum halo solution had an M/L ratio of 3.6 for the
disk, and the ratio of the halo mass to the disk mass was about 4, out to 30 pc . However, they
indicated that a model with less disk and more halo gave an acceptable fit to the observed
rotation curve. The fit was still adequate if M/L ratio for the disk was taken as zero. Freeman
had previously argued against low values of M/L for the disk.
The results for pure disk galaxies are shown in Table 12.
The study of dark halos of disk galaxies with significant bulges was more difficult. The M/L
ratio of the bulge became a second parameter for the luminous component and in addition,
for many cases, the rotation curves did not go beyond the critical three disk scale.
Athanassoula, Bosma and Papaioannou (in a yet to be published work at that time), had
studied a sample of 60 systems with optical or 21-cm rotation curves.
The procedure they used was similar to that previously described above but with two added
features:

(i) For systems with bulges, the M/L value for the bulge appeared as another free
parameter:
(ii) The swing amplifier theory (see Glossary, Toomre, 1981) was used to provide another
constraint on the disk M/L ratio. If any galaxy showed no apparent m=1 mode
(no central peak) but had a clear m=2 mode, then the surface density was constrained to
be low enough to inhibit the m=1 mode but high enough to allow the m=2 mode.
This constraint allowed the maximum disk permitted by the rotation curve to be determined
in many cases, but in some cases it did not.
Is this constraint an improvement on simply assuming the maximum disk?
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Figure 111: Disk + halo model for the rotation curve of NGC3109, for the parameters given in
Table 14. The filled and open points represent the observed rotation curve. The long and short
dashed curves are the contributions from the disk and halo respectively, and the full curve is their sum
(after Freeman, 1987:123).

Table 14. Parameters for Dark Halos of Pure Galaxies (after Freeman, 1987: 124)
______________________________________________________________

M  halo  / M  disk 

MB

rc

0



RHo

 M L d

Limit

______________________________________________________________
NGC 247
-18.0
9
80
0.003
0.8
4
7.0
NGC 300
-18.0
12
60
0.004
0.7
2
2.2
NGC 3109
-16.8
10
45
0.002
1.5
7
3.0
UGC 2259
-16.4
7
57
0.013
1.0
2
7.0
NGC 3198
-19.4
12
100
0.008
1.5
4
3.6
_____________________________________________________________________
Table 14 gives parameters for the maximum disk/minimum halo solution for the five pure disk
galaxies described above. The columns give the name of the system, its absolute magnitude, the core
1

3

radius (kpc), velocity dispersion ( kms 0 and central density (M sun pc ) for the dark halo, the
ratio of the halo mass to disk mass at the Holmberg radius and at the limit of the rotation data, and
finally the maximum M/L ratio for the disk itself .
(The Holmberg radius is based on the observed surface brightness.)
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For systems in which the maximum disk is excluded by swing amplifier theory, the inferred dark
halo will clearly have a core radius that is of the same order as the disk scale length, i.e.
significantly shorter than the typical value of about 10 kpc found for the pure disk systems. The
characteristic density for the dark halo will be correspondingly high. We would then need to
know whether this high density and short core radius are just artefacts of procedure, or are real
features, resulting from the dark halo corresponding to the potential of the disk and the bulge

(Freeman, 1987:125).
The preliminary results from Bosma and Papaioannou's study were:
(i) The parameters for many of their systems were similar to those in Table 12. The
haloes on some of the systems did have significantly shorter core radii and
characteristic densities were higher by an order of magnitude, as discussed in the
previous paragraph.
(ii) The ratio of the halo mass to the (disk + bulge) mass out to R25 was typically between
1 and 2 and showed a weak decreasing trend with increasing (B-V) colour.
(iii) Based on a minimum halo solution, the M/L values for the disk determined in this
way showed an increasing trend with increasing (B-V) colour. This trend agreed well,
quantitatively, with the predictions from the Larson-Tinsley models. Again, this
favoured the view that the minimum halo solutions were appropriate in most cases
(Freeman, 1987: 126).
X-ray observations supplied the best estimates of 'dark matter' parameters for elliptical
galaxies (see subsection 6.12.5. Fabian, et al.,) which covered this aspect. Freeman restricted
this section to some stellar dynamical items.
The trend of velocity dispersion with radius in ellipticals was usually flat or rising
Illingworth, (1983). But this did not mean that these systems had a dark halo. It had been
suggested that such dispersion profiles could be consistent with the observed light
distribution and a radially uniform M/L ratio Tonry (1983).
The shells observed around many elliptical galaxies provided an independent dynamical
approach to 'dark matter' in ellipticals. Quinn’s dynamical theory for the origin of the shells,
suggested that the relationship between the radii of successive shells depended on the
potential field of the galaxy. In some well-observed systems, the radii of shells suggested the
presence of 'dark matter', but not out to very large radii.
The question of 'dark matter' in globular clusters has not been resolved, because of the lack
of information on the radial behaviour of the velocity ellipsoid in the globular clusters. It was
possible to estimate the parameters of the galactic dark halo from the galactic rotation curve,
similar to other spirals. To place additional constraints on the parameters of the galactic dark
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halo, we could use the kinematics of high velocity stars in the solar neighbourhood, the
M31/Galaxy timing argument, and the properties of the outer spheroidal component.
Using the same procedures as described above, an estimate of the parameters of the
galaxy’s dark halo was determined from its rotation curve. There were some extra
difficulties:
(1) The galactic rotation curve was not accurately determined in the outer regions.
(2) The structure of the luminous component, i.e. the scale length of the disk, was
like wise not well determined.
Schmidt (1985) recently constructed a simple illustrative model to estimate the 'dark matter'
content. The model was based on three components to determine the galactic rotation curve:
a bulge, an exponential disk with a scale length of 3.5 kpc and a dark halo with a density



distribution   0 1  r 2 a 2



1

. The density scale of the disk was determined by the local

surface density  sun at the Sun. The parameters were not tightly constrained in the model.
As examples, for  sun = 50M sun pc 2 , the scale length a = 4.6 kpc and the local density of
the halo was 0.010M

sun

pc 3 for 

sun

=65M sun pc 2 , a=6.5 kpc and the local density of the

halo was 0.004M sun pc 3 .
To reproduce the observed rotation curve with only the potential field of the luminous
components alone would require unrealistic parameters. Based on the galactic rotation curve,
it seemed very likely that the Galaxy had a dark halo, but it would have seemed to be too
early to get an accurate result based on this approach.
Some high velocity stars passing through the solar neighbourhood had velocities to at least
500 kms-1 relative to the non-rotating frame. If these stars remained bound to the galaxy, they
could provide some information about the properties of the dark halo. Assume a galaxy had
a flat rotation curve with velocity V out to a radius Rm , and Keplerian curve beyond Rm .
If the relative velocity of a star is vsun relative to the non-rotating frame and Rsun was the
galactocentric distance of the Sun, then a star that just escaped from the Galaxy had
2
vsun
 2V 2 1  1n( Rm / Rsun  .

(43)

Therefore Rm was at least 40 kpc and the total mass of the galaxy was at least 5 1011 M sun .
This estimate was probably the lower limit as the dynamics were not fully understood and
maybe all high velocity stars in the solar neighbourhood were firmly bound to the Galaxy.
Gunn suggested with the M31/Galaxy timing arguments that the galactic mass was
approximately 1012 M sun if the M/L ratios of the Galaxy and of M31 are similar. The flat
rotation curve of the Galaxy must continue out to radii of 80 to 100 kpc Gunn (1974).
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Freeman further commented on the isothermal spheroidal component indicating that the
velocity dispersions of many classes of object of the spheroidal component had been
measured, such as RR Lyrae stars, metal weak giants, globular clusters, M stars etc. with
galactocentric distances from near zero up to about 60 kpc. The velocity dispersion of the
spheroidal component remained at about 120 kps 1 over that entire range in radius
Freeman (1987). The spheroidal component density distribution was observed to follow r 3.5 .
If the velocity ellipsoid was isotropic, the galactic mass within 60 kpc was about

7 1011 M sun which was in agreement with a flat rotation curve out to the same distance
(Freeman, 1987).
It can be concluded from Freeman’s paper that the galactic dark halo probably extended out
to about 50-100 kpc and its mass was  5  10  1011 M sun . Using a comparison with the other
systems given in Table 12, an estimate could be made of the ratio of dark to luminous mass
out to the Holmberg radius. Based on a disk scale length of 4kpc and the local column
density as 65M sun pc 2 , then the luminous mass together with the bulge and dark matter
associated with the disk was approximately 7 1010 M sun . The dark plus luminous mass out to
the Holmberg radius was approximately 18 1010 M sun which indicated that the ratio of dark
to luminous mass was approximately 1.5, similar to values given in Table 12. The ratio of the
total dark mass to luminous mass could be as large as 15, which was only twice the largest
value of dark to luminous mass, out to the limit of the rotation data indicated for galaxies in
Table 12.
6.14 Claude Carignan and Kenneth Freeman
In a paper published in the Astrophysical Journal, Carignan and Freeman (1988) posed the
question “DDO 154: A Dark Galaxy?” They discussed the mass distribution of this gas rich
dwarf irregular galaxy.
The faintest galaxy for which accurate mass modelling had been possible was the dwarf
‘regular’ galaxy UGC 2259 at M B0,i  16.45 Carignan, Sancisi and van Albada and Sancisi
(1988). For all other irregulars that had been measured, it had not been possible to constrain
the parameters of the mass models, because only the rising part of the rotation curve was
obtained or the data did not extend far enough. This meant the maximum rotation velocity
was not known and therefore the dark component could not be calculated.
The best way to study the mass distribution in dwarf irregulars was to use a system where

H1 is sufficiently extended to reach the region where the rotation curve turned over. DDO
154 was well suited for this purpose. Previous observations had been made of this galaxy, but
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the results were poor and smeared. The authors decided to observe DDO 154 at high
resolution with the Very Large Array (VLA).

Figure 112 (a) (Top). Print of DDO 154 as it appears on the POSS (C) 1960 National Geographic
Society, Palomar Observatory Sky Survey. North is at the top and east to the left. (b) is the same as (a)
but with a higher contrast (after Carignan and Freeman., 1988:Plate L2).
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The optical appearance of DDO 154 is shown in Figure 113 a) and b) which indicated it
was a very low surface brightness object. It had been suggested that it may be a member of
Coma 1 at 10 Mpc or of Canes Venaticorum 1 cloud at 4 Mpc. The smaller distance of 4 Mpc
was adopted for this study as the brightest stars were easily resolved.
The optical parameters of DDO 154 were summarised in the paper. As expected, the optical
disk of DDO 154 was very faint, with the corrected central surface brightness

Bc  0   23.17 (mag/arcsec 2 ).
The disk was very small with a scale length  1  500 pc and the total optical diameter was
only 3.5 kpc. To derive the total H1 distribution and the velocity field, two methods were
employed, a moment analysis and a Gaussian profile fitting technique.
The total H1 map at 60-inch resolution obtained with the moment analysis is shown in
Figure 114.
The H1 extended out to more than 5DH 0 (~18.5 kpc) at a level of 11019 cm2 . With

 M H / LB   5.4, DDO 154 was one of the most gas-rich galaxies known. HO signifies the
Holmberg radius or diameter.
The H1 component orientation parameters were similar to the observed component out to
approximately 2.5DH 0 , however a warp was clearly visible in the outer parts. The rotation
curve was then derived for circular annuli of 30" in the plane of the galaxy. Using the
method described by Carignan, C., and Beaulien, S.,(1988) and van Albada et al., (1985) the
least squares solutions for i, the inclination, P.A., the Position Angle and VRot were obtained
for each annulus.
The rotation curve was derived out to out to 4RHO (~ 7 R25 ) . In terms of optical scale
lengths (~ 15 1 ) making it one of the longest rotation curves ever derived
(Carignan and Freeman, 1988:L35).
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Figure 113: The H1 distribution superposed on the optical photograph. It was obtained
''

''

''

after convolving the original data ( 35 .3 x 33 .5) to a circular gaussian beam of 60 .
The contours are 0.75, 1.5, 3.0, 6, 12, 24, 36, 48, 60 and 72K.
(after Carignan and Freeman, 1988: Plate L3)

The velocity fields were analysed by moment and by Gaussian analysis using three
observations to determine the orbit. The rotation shown in Figure 115 was the result of the
Gaussian analysis.
The authors were confident that the adopted rotation curve was a reliable representation of
the rotation field for the whole galaxy.
The method used to study the mass distribution was described by Carignan (1985) and joint
authors Carignan and Freeman (1985). The B luminosity profile (CB) was used to calculate
the mass distribution of the stellar disk, on the basis of a constant  M LB * . Figures 115 (a)
and115 (b) showed the surface brightness profile and the H1 surface density distribution used
in this analysis. “The dark halo was represented by an isothermal sphere, which had two
parameters: the core radius rc and the one-dimensional velocity dispersion  . The central
density was then given by 0  9 2 / 4 Grc2 ” (Carignan and Freeman, 1988:L34).
Figure 115c showed the contribution to the circular velocity from each component of the
best fitting model for the mass distribution of DDO 154.
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Figure 114 (a) Luminosity profile in B. (b) Radial distribution of the H1 surface densities.
2

The central H1 surface density is 7.4  10 atoms/cm . (c) Rotation curve and mass
model for DDO 154. The errors on the velocities are comparable to the size of the
20

symbols. The stellar disk has  M LB *  1.0 . The dark isothermal halo has a core
radius r c =3.0 kpc and a central density  0 = 0.016 M sun pc
(after Carignan and Freeman, 1988: L34).

3

The formal parameters of the dark isothermal halo were very well determined for this dwarf
system and the halo parameters were not sensitive to the exact value of  M LB * for the
stellar disk. Most of the circular velocity at almost all radii was due to the dark component.
The results and input parameters are summarised in Table 15.
Carignan and Freeman then proceeded to compare these results with other dwarf galaxies
they had studied. They suggested that, based on the results shown in Figure 115c, the rotation





1
curve at the outmost point 15 was starting to decline. This would indicate that the dark

halos of dwarf galaxies were less massive, have higher central densities and were smaller in
radius when compared with giant galaxies.
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Table 15. Parameters and Results from the Mass Model for DDO154.
(after Carignan and Freeman, 1988 L35)
______________________________________________________
Parameters

Results

______________________________________________________
Luminous Component………………......…  M LB *  1.0  0.5

M *  5.0 107 M sun

 M H1

M H1  2.7 108 M sun
M *   5.4

Dark halo Component………………………..............r c = 3.0  0.4 kpc

 =29.0  0.3 kms 1
 0 = 0.016 M sun pc 3
At last point (7.6kpc)………………......... M dark M lum  12

M dark lum  4.0 109 M sun

M

LB total  80

_______________________________________________________

They then concluded that:
(1) DDO 154 was one of the most gas-rich systems known, with  M H LB   5.4 and
with the H1 component dynamically more important than the stellar disk.
(2) It had one of the longest rotation curves ever derived in terms of optical scale lengths.
(3) The mass distribution gives  M LB *  1.0 for the stellar disk

M

disk

 5 107 M sun  .

(4) As the dark halo component was the main contributor to the rotation curve for
all r>1 kpc, the basic parameters were well determined. The dark halo components in
the best fitting model, yielded a central density somewhat higher than that in more
massive systems.
(5) The combined (dark and luminous) mass of 4.0 109 M sun gave a global

M

LB total  80 and  M dark M lum   12 .

Based on these results Carigan and Freeman considered it was legitimate to call DDO
154 a “dark” galaxy since 90% of its mass at 7.6 kpc was contributed by the dark
component. These results confirm that “there exist galaxies where the luminous matter was
only a minor component of the total galaxy mass.”
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The paper concluded by raising the question as to how many galaxies similar to DDO
154 exist and finished with the comment “there may exist more of a missing light problem
than a missing mass problem (Carignan and Freeman, 1988).

6.15 Summary and Comment
During the period from 1776 to 1990 the changing concept of our understanding of 'dark
matter' was confirmed by mathematical analysis and observational techniques.
John Michell, in 1776, on the discovery of binary stars, used the theories of probability to
suggest that one of a pair may be non-luminous and therefore was the first to suggest the
existence of some non-luminous bodies, by their effect on the proper motion of nearby
bodies. He showed that a very large body can prevent the escape of its light due to its force
of gravity. There were other bodies and dust that were too cold to emit light that also
formed part of 'dark matter,' including those bodies which are the subjects of the MACHO
projects.
Very little was added to the concept during the next fifty years until 1845 when Bessel
confirmed the possible existence of the number of invisible stars due to the irregularities in
the proper motions of Sirius and Procyon as double stars.
Early in the 20th century, Edward Barnard produced a catalogue on dark patches in the
sky. It was suggested that some of these patches were not dark spaces and holes between
the stars but were due to opaque mass of some sort.
The concept of 'dark matter' in the form of baryonic and non-baryonic matter could not
be posed until it was determined that there was 'missing mass', which was gravitationally
needed to hold the Galaxy together. This possibility depended on two requirements, the
size of the known Universe and that the Galaxy was rotating. The approximate size of the
Galaxy was finally established by Heber D. Curtis with his presentation in the Great
Debate with Harlow Shapley in 1920. Curtis also achieved acceptance that there were other
“Island Universes,” i.e. galaxies, outside our Galaxy, which was first suggested by Michell
in 1767 (see Par. 2.1.1)
In the same year Anton Pannekoek discussed the effect of mass of the dark nebulae in
Taurus, concluding that fixed stars only formed a small part of the mass of the galaxy.
J.C. Kapteyn presented his important paper in 1922 entitled “First attempt at a theory of
Arrangement and Motion of the Sidereal System”. He based his calculations on ellipsoids,
commenting that if the Galaxy was not rotating it would form a sphere. He made the first
estimate of the amount of 'dark matter' within the Galaxy to keep it in equilibrium. His
findings of a rotating Galactic system were confirmed in more detail by Jan H. Oort in
1926.
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In 1933 Fritz Zwicky published his famous paper entitled “The Red shift of extragalactic
nebulae”. Based on the apparent speeds in the Coma Cluster when compared to the
movements of the nebula as observed by van Maanen, Zwicky stated “One stands before a
serious problem”. There was not sufficient luminous mass to hold the cluster together.
He moved away from the original subject of his paper to discuss nebulae lying outside
our Galaxy which were of spherical, elliptical and spiral-like appearances and concluded
they were stars systems. This supported the suggestion of other universes outside our
Galaxy by Michell (1767) and by Curtis (1920). Using the difference between the period
brightness for Cepheid variables and their absolute brightness and matching the results
with the distribution curves of the clusters, he calculated the distances to sixty nebulae.
Hubble in 1931 using the new large Mt Wilson telescope checked the redshifts of nebulae
lying between one and six million light years. It was found that the shift corresponded to an
apparent escape velocity of 500 km/sec per million parsecs. Zwicky compared these figures
with 30 of his recorded nebulae and found the predicted redshifts were reasonably correct.
Zwicky determined the rotational speed and mass of the Coma Nebula and concluded that
there was a tremendous difference between the theoretical mass necessary to contain the
galaxy and the observed mass. There was not enough luminous mass, which could only
mean there was a very large mass of 'dark matter'. Although the existence of 'dark matter'
had previously been suggested Smith (1924), Oort (1927), Zwicky must be given the credit
for clearly confirming its existence.
Subsequently, Zwicky clouded his results by trying to support the stationary universe
hypothesis, suggesting that redshifts were caused by the gravitational drag of light, which
was not correct. The stationary universe theory was abandoned within a few years.
The search for an understanding of 'dark matter' stalled for several years while interest
moved into the newly developed radio telescope observations. It re-opened with a paper
from Ken Freeman (1970) on surface photometry observations, which showed the
difference between the spheroidal and exponential components of most spiral and S0
galaxies. Although 'dark matter' was not mentioned, it permitted future indications of the
location of the mass of galaxies, compared with the dispersion of light; the varying M/L
ratios.
The discussion of the proportions of mass luminous to non-luminous moved on with
input from Einasto, Saar and Kaasik (1974), Ostriker, Peebles and Yahil (1974) which
were followed by two different view points, one describing what 'missing mass' was not
Margon (1975), and the other discussed the possibilities if G varied, but without any
evidence that it did (Shields, 1978). These papers were mentioned to show how wide the
search for 'dark matter' had become.
The thesis finally moves on to mass to light ratios in galaxies with papers from
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Bailey (1982) reviewing clusters, and Rubin, Ford, Thonnard and Bursteinlead (1983) in a
leading paper, asked the question "Is the distribution of luminosity in galaxies a reliable
indicator of the distribution of mass?" (Rubin et al.,1983). The conclusion must be that it
was not. They suggested that there was an unknown fraction of mass in spiral galaxies and
clusters hidden by a non-luminous constituent.
To try and answer the questions as to what was and where was 'dark matter'
Peebles (1984) proposed a cosmological model based on the then popular ideas and a
theoretical analysis. The model was based on nine different assumptions but there was no
support or follow up on this model.
This paper was followed two years later by a meeting of leading researchers entitled
“Material Content of the Universe.”
A leading paper, published in 1987 by Virginia Trimble, gave a review of 777 papers,
describing the current thinking and theories that had been developed by that time. The
paper clearly sets out what was considered to be the mass and mass/light ratio of the
various components of the Universe.
In the same year, the IAU Conference Symposium was entitled “Dark Matter in the
Universe”. Several of the papers presented, which have been reviewed in this thesis, tried
to answer many of the questions on 'dark matter' which in itself was the most fundamental
problem in astrophysics. There was no definite answer as to what was 'dark matter'.
J.R. Ellis offered at that conference, a list of particles which could make up some of the
'dark matter,' commenting that there was no shortage of candidates. His preferred candidate
was supersymmetric relics.
In Chapter 6 we have identified the approximate size of the universe and that 'dark
matter' forms a major part of its mass.
Over this very long period of nearly 250 years from 1767, our changing concept of 'dark
matter' has moved from the identification of ‘Black Holes’, the size of our Galaxy to the
location and the theoretical mass of 'dark matter' in our Galaxy, other galaxies and up to
super-clusters of galaxies. Research is continuing in the field of particle research and what
may occupy space between galaxies and clusters of galaxies. What is causing the known
Universe to continue to expand, whether it will stop and then return to its origin?
The most recent and established concept of 'dark matter' has been restricted to matter that
only interacts gravitationally and is needed to explain the motions of stars in galaxies,
galaxies in clusters and the growth of large scale structures. It is a major form of matter and
is non-baryonic and comes in two forms being classified as hot or cold. Cold non-baryonic
are particles that move slower than the speed of light which have mainly been undetected
and the hot non-baryonic particles which are moving very fast, such as neutrinos.
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The current though on ‘dark matter’ in galaxies is that it is dense cold molecular hydrogen
(Pfenniger et al 1994) By the beginning of the 2000's, the research into what is 'dark
matter' started to ease as the interest moved onto dark energy, which is outside the scope of
this thesis. Particle research which may identify some of the 'dark matter' is still ongoing
but again is outside of the scope of this thesis, being a science within itself.
________________________________________________
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CHAPTER 7: SPACE BASED OBSERVATIONSCOBE and WMAP
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7. SPACE BASED OBSERVATIONS - COBE and WMAP
It is of interest to review a short history of the determination of the proportions of the
Universe. In 1965, Penzias and Wilson of the Bell Laboratories identified an all pervasive
background radiation from the Universe which became known as the Cosmic Microwave
Background Radiation (CMBR).
Following the discovery of the CMB, hundreds of background experiments were conducted
to measure and characterise the signatures of the radiation. The best known experiment was
probably the NASA Cosmic Background Explorer (COBE) satellite that orbited the Earth
from 1989 to 1996. It detected and quantified the large scale anisotropies at the limited of its
detection capabilities. These anisotropies were further quantified over the next decade
(http://en.wikipedia.org/wiki/Cosmic_microwave _background_radiation).
In 2001 the Wilkinson Microwave Anisotropy Probe (WMAP) was launched to measure
differences in the temperature of the Big Bang's remnant radiant heat across the full sky. Its
measurements played the key role in establishing the current Standard Model of Cosmology.
In addition to confirming the age and expansion rate of the universe, it determined the
contents as consisting of "4.56 %  0.15% ordinary baryonic matter; 22.8%  1.3% cold
'dark matter' which does not absorb or emit light; and 72.6%  1.5% of dark energy in the
form of a cosmological constant that is accelerating the expansion of the universe".
The 3rd year WMAP data independently showed that the universe must have 'dark matter'.
(http:en.wikipedia.org/wiki/Wilkinson_Microwave_Anisotropy_Probe).
____________________________________
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CHAPTER 8 MICROLENSING and SEARCH for MACHOS
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8.0 MICROLENSING and the SEARCH for MACHOS.
8.1 Introduction
From the 1990s there was a rush of papers on various theoretical aspects of 'dark matter', as
it had been fairly well established that it existed. The search was approached from two
aspects: large non-luminous baryonic matter and non-baryonic matter. Baryonic matter is
composed from the class of sub-atomic particles that includes protons and neutrons. Baryons
were composite particles made up from three quarks and have a half spin. Non-baryonic
matter was a hypothetical form of matter without protons or neutrons. It had been suggested
as a possible component of the ‘missing mass’ of the Universe. The evidence was very strong
that non-baryonic 'dark matter' existed, inferred from highly theoretical concepts from
particle physics and cosmology, and the search was ongoing. This search will only briefly be
considered as it was beyond the scope of this thesis. The main focus of this chapter is a
review of the original MACHO, EROS and OGLE collaborations that used gravitational
lensing to clearly identify non-luminous planet-type 'dark matter'. As previously indicated,
the existence of such objects was first suggested by John Michell in 1784 on the basis of
probability that they should exist (see Chapter 2.1.3).
The pioneering work on gravitational lensing was carried out by the Norwegian Professor
Dr. Sjur Refsdal (Dec. 1935-JAN.1009) particularly with the Chang-Refsdal lens.
He graduated with a PhD from the Institute of Theoretical Astrophysics, University of Oslo
in 1970. In the same year he became Professor of Astrophysics at the Hamburg Observatory
in Germany. He remained in that position until he retired in 2001.
His main works on the effects and possible application of gravitational lenses were published
in a series of articles during 1964 to 1966. His most important contribution to astrophysics
was the “ Refsdal Method” which describes how it is possible to estimate the Expansion Rate
of the Universe i.e. Hubble constant. This is done by using the measured time-delay and lens
properties of a gravitationally lensed quasar (QSO).
He also started work on stellar evolution, but eventually returned to gravitational lensing
just before the first discovery of a gravitational lens, which was called the Twin Quasar.
He was awarded the Norwegian Kings Medal of Merit in gold in 2005.
Sjur Refsdal was a member of the Norwegian Academy of Science and Emeritus at the
Institute for Astrophysics at the University of Oslo.
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Figure 115: Professor Dr. Sjur Refsdal
(after http://en.wikipedia.org/wiki/Sjur_Refsdal)
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8.2 EROS
Experience de Recherche des Objects Sombres.
The first two microlensing events in the direction of the Large Magellanic Clouds that could
have been caused by ‘dark matter’ were reported both by MACHO (below) and EROS in
1993. The EROS project was run by:
E. Aubouget.et.al., of Dapnia, C.E. Saclay, Gif-sur-Yvette, France.
R.Ansari, F.Cavalier and M.Moniez, Laboratoire de l’Acce’le’aire Line’aire, Centre
D’Orsay, France.
J-P. Beaulieu, R. Ferlet, PH. Gribson and A. Vidal-Madjar, Institut d’Astrophysique
de Paris France.
J. Guibert, O. Moreau and F. Tajahmady, Oberservatoire de Paris, France.
E. Maurice and L. Prevot, Observatoire de Marseille, France
C.Gry, Laboratoire d’Astronomie Spatial de Marseille, France.

Following on from the discussions lead by Charles Alcock of Livermore, two groups
initiated observation programs to reach the required sensitivity of the order of 0.3 magnitude
the photometric precision per measurement should be in the order or better than 0.1
magnitude. Rejection of intrinsically variable stars can be achieved by requiring that the light
curves be symmetric, achromatic and exhibit a single extremum (the amplification events
should not be repeated). The Australian group was called MACHO (Massive Compact Halo
Objects) and the French team EROS.
EROS consisted of two programs. The first was designed to be sensitive to deflector masses
in the range of 104 M  M  101 M

which related to mean leasing durations in the range

1day <  <30 days. It used Schmidt plates of the LMC and permitted the observers to monitor
approximately ten million stars over a period of several years. Fifty percent of these stars are
bright enough to be monitored sufficiently accurate to observe variations at the 0.3 magnitude
level. The second program was designed to be sensitive to deflector masses in the range

107 M  M  103 M corresponding to event durations of between
1 hour<  < 3 days. The dedicated telescope uses a large CCD mosaic to monitor
approximately 150,000 stars every 20 minutes.
The CCD program started at La Silla in December 1990 with one month feasibility study
during which observations of the LMC bar were taken with the 40-cm GPO refracting
telescope. The camera consisted of one 576 x 405 pixels Thomson CCD chip which gave a
field of 11 x 8 arcmin. A total of 63 images of a dense field in the LMC bar were taken. The
technique of using alternative blue and red filters was trialled. After a short study the decision
was made to replace the telescope with a 40-cm reflector.
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Analysis of 40% of the Schmidt-plate data revealed two possible microlensing candidates.
The light curves are shown in Figures 116 and 117. If the events were as depicted by their
light curves, the lensing objects would have a mass between a few 102 and 1M sun . The range
was based on simulations with a standard isothermal halo which gave the observed flat
rotation curve out to the LMC.

Figure. 116

Figure. 117

Figure 116. The measured magnitudes for candidate 1 as a function of time. The time was
counted from 1 January 1990.The error bars correspond to the estimated 1 errors. b, The
light-curve of candidate 1 on an expanded scale. The curve shows the best fit for the
microlensing hypothesis.(after Aubourg et al., 1993:624)
Figure 117. The measured magnitudes for candidate 2. Details as for Figure 116
(after Aubourg et al. 1993:625)
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Aubourg et al. were in personal contact with Alcock et al. (MACHO Collaboration) and
confirmed that they had located in their data, the same candidate in a MACHO event. The
star was very faint in the blue band; however Aubourg et al. were able to confirm the
existence and characteristics of the MACHO event in the red band (Augbourg et al., 1993).

8.2.3 OGLE
The Optical Gravitational Lensing Experiment or Ogle is the Polish astronomical project run
by the University of Warsaw. The object of the project is to study ‘dark matter’ using
microlensing techniques. The study targeted the Magellanic Clouds and the Galactic Bulge.
Most of the observations were made at the Las Campanas Observatory in Chile.

Figure 118
(after http://en.wikipedia.or/wiki/Optical_Gravitational_Lensing_Experiment).

The 8-chip mosaic CCD camera was built in Poland and shipped to Chile primarily to detect
gravitational microlensing events and transiting planets in four fields: the Galactic Bulge, the
constellation Carina and towards both Magellanic Clouds. As a by-product the first
exoplanets were discovered using the microlensing technique.
Seventeen have now been discovered by the OGLE Project. Eight of the planets were
discovered by the transit method and six by gravitational method. (en.Wikipedia.org/2014)
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The rest of the thesis will concentrate on the MACHO project at Mount Stromlo, as the
MACHO, EROS and OGLE projects are similar however MACHO was more technically
advanced and located in Australia.

8.4 MACHO
After the work of Ken Freeman and Claude Carignan on the study of the DDO 154 ‘dark’
galaxy, the need developed to identify the so called ‘missing mass’ and the general opinion
was that the galaxies were surrounded by dim astronomical objects such as white dwarf stars,
planet-sized bodies or even black holes. These would be in addition to the unknown
'dark matter' particles left over from the ‘Big Bang’ which had become known as WIMPs
(Weakly Interacting Massive Particles). The researchers of the dim, astronomical objects
decided to call their ‘missing mass’ MACHO (MAssive Compact Halo Objects).
In 1984, Freeman was working at Princeton at the same time as Bohdan Paczynski, who
suggested how to observe the dim astronomical objects, by using Einstein’s theory of
relativity in respect to the warping of space around a dim object, when viewing a distant star.
The object would magnify the light from the distant star, confirming the existence of the dim
or non-luminous body. This phenomenon is known as gravitational lensing.
Because the chance of obtaining a perfect alignment between a distant star and a nearer
dark object was less than one in a million, a large cloud of stars needed to be observed. The
Magellanic Clouds were ideal for this experiment, as they were not too far away and
contained within a reasonably small area of the sky. The nights were reasonably long which
permitted time to look for occurrences, when the light of stars suddenly increased and then
decreased, basically in accordance with Paczynski’s predicted light curve. This was an
enormous task using previous techniques, but Freeman realised that it was feasible using
modern computer techniques and a dedicated telescope. However, they did not have the funds
to support such a project.
Microlensing occurs if a compact object (MACHO or dim star) passed through the line of
sight to a background star. The gravitational field of the object will deflect the star’s light and
produce images of the source star (similar to Figure 117). The orange arrows show the
apparent position of the background source. The white arrows show the path of light from the
true position of the source.
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Figure 119: Gravitational Lens (after Microlensing, Massey University, Albany, N.Z.)

Figure 120: Distances in Microlensing
S = Source Star, O = Observer, Le = Lens,
l = Distance Observer to Lens, L= Distance Observer to Source Star.
If there was perfect alignment (see Figure 117), the source star will appear as an “Einstein
Ring” with a radius rE in the lens plane given by:

rE 

4GmLx (1  x)
m lx (1  x ) 
 2.85 AU
2
c
M sun  1kpc 

(48)

where m is the lens mass, L is the observer-star distance, and x is the ratio of the observerlens and observer-star distances. When the alignment was not perfect, the source star will
appear as two small arcs. However, if the image separation was  0.001 arcsec and was far
too small to be resolved multiple imaging resulted in an apparent magnification of the source
by:

A u  

u2  2
u u2  4
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where u  b rE and b is the distance of the lens from the undeflected observer-star line. The
magnification will be transient as the Galaxy objects were in relative motion, with duration

tˆ  2 rE vt , where vt is the transverse velocity of the lens relative to the (moving) line of
sight, which varied from a few days to a few months for most of the Galactic populations.
The probability of microlensing candidates, when the lens was in our Galaxy, was very small.
The ‘optical depth’,  which was the distance light will travel through a partially transparent
medium for microlensing, was defined as the probability that any given star was microlensed
with impact parameter u<1, that was A  1.34 , at any given time.  was independent of the
mass function of the lenses and was given by:

l L l
4 G
  2  lens  l 
dl
c 0
L
L

(50)

where l was the distance to the lens and lens  l  was the mass density of the lensing objects.
Because the source stars were spread over a large range of distances, it was necessary to
average their optical depths. The optical depth for lensing by objects in our Galaxy, as shown
by Paczynski in 1986, was of the order of 106 . Based on a single point source, single lens
and uniform motion, the microlensing events were symmetrical and achromatic, with a
magnification shape given by

A  t   A u  t 
0.5

with

2

 2  t  tmax   
 2

u  t   umin  
 ,

tˆ







(51)

where A  u  was determined by equation (45) and Amax  A  umin  . As the optical depth was
so low, only one event should occur with any given star (Alcock et al, 1997).

8.4.1 Mount Stromlo Observatory
An informal approach was made to Ken Freeman in 1989 by Charles Alcock and others, at
the Lawrence Livermore National Laboratory in USA, about a possible collaboration with
Mount Stromlo Observatory. As the Magellanic Clouds lay in the far southern sky, the
research needed to be done at a southern hemisphere observatory. The proposed experiment
would use a lot of telescope time and luckily the Great Melbourne Telescope was lying idle at
Mount Stromlo.
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However, the key to success of the project was the young experimental physicist Chris
Stubbs, who agreed to build a detector with CCDs capable of imaging 500,000 stars
simultaneously.
With the agreement and support of Alex Rodgers, the Director of Mount Stromlo, a Formal
Memorandum of Understanding was signed between the University of California’s Centre for
Particle Astrophysics, Lawrence Livermore National Laboratory, Berkeley and the Mount
Stromlo Observatory in November 1990. The MACHO collaborators commenced operations
in July 1992.

Figure 121: 2001 Citation Laureates-Mount Stromlo Observatory
L to R: Jeremy Mould, Mike Dopita, Ken Freeman*, Mike Bessell, Bruce Peterson*
and Matthew Colless. (2001 Citation Laureates - Mount Stromlo Observatory
members of MACHO Group) (after Freeman and McNamara, 2006: 268).

This photograph showed the most influential and successful Australian astronomers at that
time, who played a large part in the formation of the MACHO project.
The telescope used for the project was originally the Great Melbourne Telescope purchased
by the Victorian Government and built by Grubb in Dublin in 1868. At the time, and for
several decades after, it was the largest steerable telescope in the world. The telescope had
a 48 inch primary mirror made from a metal alloy (speculum) and fitted with a cross-axis
equatorial mounting. It was used in a Cassegrain form for observations of the southern sky
for the next 50 years but was plagued with mechanical and optical problems and eventually
the telescope was transferred to Mount Stromlo observatory in 1953.
When finally re-installed, the length of the tube had been halved to suit more modern
optics. A new 50 -inch Pyrex (Duran) mirror was fitted. The manual control of the slewing
and setting motions was replaced with motors. The telescope was used for astrophysics from
1960 through into the 1970s and co-incidentally, was used extensively on photometry of faint
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stars in the Magellanic Clouds. At the end of the 1970s, the telescope suffered a major
bearing failure which was not repaired, because of the drain on funds associated with the
construction of the 2.3 -metre Advanced Technology Telescope at Siding Spring
Observatory, near Coonabarabran N.S.W.
As their contribution to the MACHO collaboration, Mount Stromlo Observatory completely
rebuilt the telescope and dedicated it to the MACHO project for an initial four years, which
was later extended for another four years.

Figure 122: The Original Great Melbourne Telescope
(after Freeman and McNamara, 2006:96).
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Figure: 123 Mt. Stromlo Observatory (after http://scopemountstromlo.com.au/observatory.php

1. 74 inch Reflector

9. 30 inch Reynolds Reflector

2. Old Workshop Site

10. Duffield and Woolley Building

3. Uppersala Dome

11. 26 inch Yale-Columbia Refractor

4. Directors Residence

12. 9 inch Oddie Refractor

5.

13. W,G.Duffeild’s Grave

50 inch Reflector

6. Original Commonwealth Solar

7.

14. Advanced Instrumentation & technology Centre

Observatory

15. Temporary Engineering Offices

The Heliostat

16. Temporary Mechanical Workshop

8. 8 inch Famham Telescope

17. Residential area –NO ADMITTANCE

Figure: 124 Mt Stromlo Dome (after http://scopemountstromlo.com.au/observatory.php
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Figure 125: Mt Stromlo Dome
(after http: scopemountstromlo.com.au/observatory.php)

The telescope was fitted with a 50 -inch aperture paraboloidal primary mirror with a focal
length of 5671.8 mm. It was made by Grubb-Parsons in the U.K. To allow for simultaneous
two-colour observations, the wide field prime-focus corrector incorporated a dichroic
element. The wide-field was necessary to observe the large number of stars required for the
MACHO project. The two-colour data was important for the project, to differentiate between
gravitational lensing, an achromatic amplification of background star light, and the intrinsic
variability of stars. The variability of stars was normally associated with a temperature
change causing colour changes in the stellar light curve. The detector system was a mosaic of
four 2kx2k Loral CCD’s at each of the two focal planes.
The control was done by a MicroVax 11 computer located 150 metres away in the dome of
the 74 -inch telescope, connected by means of a dedicated multiplexed optical data link.
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Figure 126: Melbourne MACHO Telescope
(after Freeman and McNamara, 2006:97).

Substantial changes were made to the original telescope mount bearing, drive and tube
structure. The original sliding journal bearings were replaced with modern roller bearings and
a new declination axis drive replaced the original polar axis counterweight. The telescope
tube was replaced with a Serrurier truss system. The original Grubb designed axial support
system for the primary mirror was retained. Because of the use of worm wheel drives on the
polar and declination, massive flywheels were necessary to smooth out the deceleration of the
telescope.
A telescope model was developed for real-time correction of axes misalignment, tube
flexing and gear errors using extensive pointing tests. Absolute pointing was accurate to  3
arcsec and differential pointing among the MACHO fields of the LMC was  1.2 arcsec.
Typical MACHO exposures were 150s in the Galactic Bulge and 300s in the LMC.
The telescope housing was originally a hemispherical rotating dome made from a
plywood/aluminium sandwich sheet with wooden load bearing ribs. However, hot air built up
in the dome zenith, which leads to high temperature gradients in the telescope structure,
compared to the ambient temperatures, resulted in reduced observational clarity. To
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overcome this problem, the dome was fitted with an exhaust fan and the walls internally
insulated. In addition, the mirror was cooled by venting dried water chilled air by way of a 20
-cm light weight flexible pipe. The results of these changes were continuously monitored to
judge their effect (Hart, et al., 1996, Freeman and McNamara, 2006, Frame and Faulkner,
2003).
The 14th October 1993 issue of Nature carried a cover with the title ‘The Footprint of Dark
Matter’. There were two papers, published as ‘Letters to the Editor’: “Evidence for
gravitational microlensing by dark objects in the Galactic halo” from Aubourg et al.
(the EROS collaboration) and “Possible gravitational microlensing of a star in the Large
Magellanic Cloud” from Alcock et al. (the MACHO collaboration). The two papers were
very similar in their proposals.
The MACHO projects offered a positive result in identifying the non-luminous bodies that
form part of 'dark matter'. Comment is made on other projects which show an entirely
different approach, but at that time they did not add significantly to the identification of 'dark
matter'.
The rest of the thesis will concentrate on the MACHO project at Mount Stromlo, as the
MACHO, EROS and OGLE projects are similar however MACHO was more technically
advanced and located in Australia.

8.4.2 First MACHO Result
The Alcock et al. (MACHO collaboration) paper (1993) opened with a description of the
events leading up to the establishment of the collaboration and a description of a
microlensing event. The paper was a report on their first microlensing experiment to
determine whether the dark halo of our Galaxy was made up of MACHOs. Their candidate
was detected by monitoring the light curves of 1.8 million stars in the Large Magellanic
Cloud for one year.
The ‘optical depth’  for microlensing towards the Large Magellanic Cloud (LMC) was
large, which enabled about one star in two million to be microlensed with an amplification
factor A>1.34, Griest et al., (1991). The survey was carried out taking advantage of the
transverse motion of the MACHOs relative to the line of sight from the observer to a
background star. This motion resulted in a transient, time-symmetric and achromatic
brightening which was not like any known variable star phenomenon, having a characteristic
time scale t  2 rE vT , where rE was the Einstein ring radius and vT was the MACHO
velocity transverse to line of sight.
by 100 M MACHO M sun

The time for typical halo models t is given

days which differed from the EROS program. Although the
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amplification could be large, these events were extremely rare and it was necessary to follow
more than ten million stars over several years.
The analysis covered four fields near the centre of the LMC which contained at least 1.8
million stars and approximately 250 observations were made of each star. The report focused
on a star at co-ordinates  05 h14 m. 44.5 s,  680 48'00" (J2000), which had a median
magnitude, V ~ 19.6, R ~ 19.0, which was consistent with a clump giant (metal-rich helium
core burning star) in the LMC. The photometry taken for this star from July 1992 to July
1993 is shown in Figure 127 and the candidate event in Figure 128 together with the colour
light curve.
Several features of the candidate event were consistent with gravitational microlensing,
namely the light curve was symmetrical in shape and achromatic within measurement error.
As a microlensing event, the mass of the lens could be calculated. Unfortunately, the duration
of the event could not be used to calculate the mass of the object, as its speed and distance
from the observer were unknown. Referring to Figure 9 in the Griest et al., 1991 paper, it was
suggested that the most likely mass was approximately 0.12M sun with masses of 0.03M sun
and 0.5M sun being half as likely (but due to detection inefficiencies, these should only be
considered as rough estimates).
Alcock, et al., emphasised that the stellar brightening could be due to some unknown
intrinsic stellar variability. At the time of writing the authors did not have a spectrum of the
candidate star and commented that gravitational lensing by MACHOs would only be proven
by further examples.
They also commented that, even though EROS used different definitions of characteristic
time, they did report the finding of candidate events and confirmed one event identified by
Alcock, et al. If such candidates emerged from continued microlensing, then the collaboration
should be able to determine the contribution of MACHOs to 'dark matter' in the Galactic halo
(Alcock, et al., 1993).
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Figure 127
Figure 128
Figure 127: The observed light curve with an estimated 1 error. (a) shows Ablue , the flux
(in linear units) divided by the median observed flux, in the blue passband. (b) Is the same for
the red passband.
Figure 128: As in Figure 127 an expanded scale around the candidate event. The smooth
curve shows the best-fit theoretical microlensing model, fitted simultaneously to both (c) is the
colour light curve, showing the ratio of red to blue flux, normalized so the median is unity.
The colour changes by < 0.1 magnitude as it brightens and fades (Alcock et al., 1993:622-623).

The very simple form of microlensing light curves generally distinguished them from other
types of stellar variability. This was beneficial when trying to detect these very rare events
but made their interpretation difficult because of similar light curves produced by a wide
variety of lensing events.

Figure 129: Selected red CCD frames centred on the micro-lens candidate, showing
observations before, during and after the event. The numbers on each frame indicate
the days after 2nd January 1992 (Alcock et al., 1993:622). (Numbers reproduced for clarity)
Top Row: 387.6 392.4 420.4 425.5
Middle: 428.4 430.5 432.7 436.4
Bottom: 438.4 442.6 457.5 477.4
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In the two years following the first MACHO event, more than 60 microlensing events were
recorded (Alcock et al., 1995). The Alcock et al., paper then proceeded to examine the first
detection of the microlensing parallax effect in order to try and counter the loss of quality in
microlensing events. Under the assumptions that the source star and lens mass were point like
and the velocity of the source, the lens and the observer were all constant in time; the
microlensing light curves took a simple form.
The possibilities were improved, when one or more of the assumptions in the equations fail
to conform to the rules. There are two such events in the first year bulge data. One was
described in the Alcock et al., 1995 paper and the other, a binary event, where the data
resolved the finite size of the source star, giving two constraints on the combinations of M, x,
and the lens velocity. The event described in the Alcock et al. 1995 paper was the longest of
the 45 events recorded in the first year bulge data. The light curve is shown in Figure 128.
The rotation curve was derived out to out to 4RHO (~ 7 R25 ) . In terms of optical scale
lengths (~ 15 1 ) making it one of the longest rotation curves ever derived
(Carignan and Freeman, 1988: L35).

Figure 130: The observed two-colour light curve is shown as 1 error bars in linear units
normalized to fit unlensed brightness. The upper panel is the MACHO R band data
and the lower panel shows the MACHO B band data. The dashed curve shows the
constant velocity microlensing fit, and the solid curve shows the best fit light curve
allowing for the orbit of the Earth.
Time is in days from J.D.2, 449,000 (after Alcock et al., 1995, L126).

This light curve showed a significant asymmetry and a large deviation from the best fit
symmetric light curve but was achromatic, so was probably a microlensing event. The
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deviation may be caused by the orbital motion of the Earth. The authors then discussed the
probable cause of the deviation from the constant velocity assumptions for the source, lens, or
observer, each of which contributed equally to vt (the transverse velocity of the lens in
respect to the line of sight to the source star). If it was possible to make parallax
measurements for a large portion of the observed microlensing events, it would reduce the
uncertainties in the interpretation of the observed microlensing events.
The authors concluded, that ground based parallax measurements will not answer questions
about the properties of most of the lensing objects. However, the required measurements
could be carried out using a small satellite in a solar orbit.
Alcock et al. further concluded that their lens was either a stellar remnant or located more
than approximately 2 kpc away. To obtain parallax events for the majority of the events
would require an additional telescope in space (Alcock et al., 1995).
8.4.2.1Contribution of EROS, OGLE and MACHO Projects
In addition to the MACHO success OGLE identified 17 microlensing events and
EROS approximately 20 microlensing events and currently still searching their
recorded observations.
8.4.3. The MACHO PROJECT: 45 candidate microlensing events from the first
year galactic bulge data.
The original purpose of the MACHO project gravitational microlensing survey was to find
massive compact halo objects (MACHOS) in the Milky Way within the range

10

7

 100  M sun to determine their contribution to the mass of the Milky Way halo. The

region of the sky first considered was the Magellanic Clouds, where the microlensing events
rate was expected to be higher than in the rest of the Milky Way.
However, early in the project it was realised that the Galactic bulge also offered an
additional opportunity for several reasons. Firstly, there was a ‘known’ microlensing rate
from dim stars in the galactic disk and bulge Griest et al., (1991). This could be used as a
check on the project with respect to the microlensing events and the need to reject intrinsic
variable stars. Also, as the duration of a microlensing event was related to the mass of the
lensing object, the bulge could provide estimates of the very low mass end of the stellar mass
function and test for the existence of disk 'dark matter’, which was probably in baryonic
form.
When the first bulge microlensing data were analysed, it was found that the optical depth
towards the bulge was larger than anticipated and the Galaxy standard models needed to be
revised. In fact, one explanation of the large optical depth towards the bulge was that the
mass of the visible stars in the bulge and disk was large enough to account for the entire mass
needed interior to the Sun. This suggested that the Galactic halo must have a large core radius
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or a rather small total mass. Therefore, microlensing towards the Galactic bulge should reveal
information about the properties of our Galaxy and its dark halo.
The paper summarised the results of an analysis of the 1993 data from 24 Galactic bulge
fields from which 45 candidate microlensing events were observed.
The MACHO project had full-time use of the refurbished 50 -inch telescope at Mount
Stromlo Observatory from mid-1992 through to 2000. Except for short gaps for routine
maintenance, over sixty observations were taken on all clear nights. The default exposure
times were 300s for LMC images, 600s for the SMC and 150s for the bulge. By August 1995
over 35,000 exposures had been taken, spread over 60% of the LMC, 10% of the SMC and
30% of the bulge. Images were taken at standard sky positions, which were defined as 82 in
the LMC, 21 in the SMC, and 75 in the bulge.
The purpose of the MACHO Project was to measure the density of MACHOs existing in
the Galactic halo and therefore, priority was given to the LMC and SMC with the bulge being
observed when the LMC was near the horizon. The first observations of the bulge
concentrated on the selected field relatively close to the Galactic plane.
The Alcock, et al., paper (April 1997), only covered the 1993 data from 24 well-sampled
bulge fields, which contain dual colour light curves for 12.6 million stars. The fields
concerned are shown in Figure 131.

Figure 131: The locations of the 24 bulge fields presented in this paper are shown in
Galactic co-ordinates. The dark spots indicate the locations of the events
and the area of each spot is proportional to the ˆ value for each event.
(after Alcock, et al.,1997: 121).
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The observations analysed here comprise 2313 images, covering a period of 189 days
starting from February 1993.
The photometric measurements were made with a special purpose code known as
SoDoPHOT, Bennett et al., (1996). One image of each field was chosen as a ‘template
image’, which was processed in a similar manner to a standard DOPHOT reduction, except
that after one colour of the image had been reduced, the co-ordinates of the stars found in the
first colour were used to give the positions of the stars in the second colour. This provided a
‘template’ catalogue of stellar positions and magnitudes for each field.
Each star of interest was then analysed for photometric fitness in descending order of
brightness. When a star was found to vary significantly from its template magnitude, it and its
neighbours underwent a check of fitness. For each star, the estimated magnitude and error
2
were determined, along with five other parameters measuring object ‘type’; the  PSF
of the

PSF (point-spread function) fit, the crowding (how close the stars were), the weighted
fractions of flux removed due to bad pixels ( f mis ) and cosmic rays  fCR  , and the fitted sky
value. The PSF was a model of how the image was blurred. Deconvolution used this
information to remove the blur from the image. The photometric error estimate was the
formal PSF fit error with a 1.4% systematic error added in quadrature. The routine reductions
were completed by SoDoPHOT at the rate of approximately 1 million photometric
measurements per hour on a Sparc-10.
The microlensing signal being sourced only affects a few stars per million, as compared
with a few stars per thousand that are intrinsically variable. The vast majority of these
variables were easily identified, as they did not remain at a constant brightness for long
periods of time and therefore were not easily confused with a microlensing event. However,
there may have been unusual variable star types, resembling microlensing events, which
would be an important background for the microlensing search. As microlensing surveys
were the largest scale searches for stellar variability, it was not possible to learn about such
variables, except through the MACHO data, which complicated the detection of microlensing
events.
In a laboratory experiment, the background could be deduced by modelling and either
subtracting or fitting the background model to the data. With the MACHO results, it was not
feasible to model the background, because the variable star background was not well enough
known. Instead the background must be characterised from the same data obtained for the
microlensing events. This was not as difficult as might be expected, because the light curves
were qualitatively very different from any variable star observed so far. However, event
detection could be subjective and care had to be applied during analysis of the detection
results.

279

DARK MATTER from MICHELL to MACHOS
For this analysis, a set of cuts were determined beforehand based upon analysis of an
independent set of data and the variable star background observed towards the bulge. The
number of cuts was small, so the final conclusions were unlikely to be affected.
The first step in the microlensing search was to define a set of ‘acceptable’ data points,
using the PSF  2 , crowding, missing pixel, and cosmic-ray flags described above.
The reddest 0.2% of stars with V  R  1.6 were excluded, as they were often long-period
variables, which tended to trigger the fitting routine and dominate the trigger count. Any
stars, which had less than seven simultaneous red-blue measurements or were close to the
chip boundary, were removed from the search, which proceeded through three stages: the
time series were interwoven with a set of microlensing light curve filters of durations 7, 15
and 30 days to search for peaks of any kind. Any light curve with a significant peak was
identified as a ‘level-1’ trigger covering about 1% of the population. For these light curves, a
five-parameter fit was made to the microlensing event, where the parameters were
unmagnified red and blue fluxes f RO , f Bo , the peak magnification Amax , the time of the peak
magnification tmax and the event time scale tˆ .The fitted flux of the star was given by:

f R (t )  f RO A u  t  ,

(52)

where A  u  is given by the equation (52) and Amax  A  umin  .
From the fit, a set of statistics showing the significance level, goodness of fit,
achromaticity, crowding, and temporal coverage of the event etc. were calculated. Those
above a modest significance level were tagged ‘level-1.5’ and then subject to further rigorous
selection criteria to finalise ‘level-2’ microlensing candidates. The amplitudes of the ‘level-1’
and ‘level-5’ did not affect the final result.
From the 12.6 million stars in this data set, 37485 met the 1.5 level criteria. Figure
132shows the most important of the ‘level-2’ cuts. The x axis in Figure 132 is
2
2
 2  const
  ml
, the difference between the  2 values for the constant flux fit and the
2
microlensing fit, while the y axis is  ml
(d.o.f.), which was the  2 per degree of freedom

for a microlensing fit.
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Figure 132: A scatter plot of the microlensing fit

 2 (per d.o.f.) vs.  2

which is the difference

between the 
for a constant light-curve fit and the microlensing fit  ml . The
solid circles indicate stars classified as clump giants while the crosses indicate stars
outside the clump giant region of the colour-magnitude diagram. The squares indicate
events which are removed by cuts on parameters not displayed in this figure
(after Alcock, et al.,1997:123).
2
const .

2

More than 90% of the level 1.5 candidates had spurious light curve bumps between 175 and
190 days, probably due to telescope misalignment caused by a mirror support problem.
2
The two cuts shown in Figure 132 are  2 /  ml
(d.o.f.) >400 and
2
 2   ml
 d .o. f .  200 which reduced the number of candidates to 52. Further cuts
2

based on the crowding parameter, which was the fraction of the flux contributed by the pointspread function of the neighbouring stars, which was taken as

f cdr  1.67 , time coverage,

and the  2 in the peak region

x 2 x 2peak  200 , removed a further 8, leaving 42 candidate events (plus another 3 that did
not pass the cuts).
A selection of the first 12 is summarised in Table 14. The light curves are shown in
Figure 133 together with the best fit theoretical microlensing light curves (again only the first
12 shown).
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It was possible that some of the lens stars may have been blended with one or more stars in
the images, but this was disregarded until a new photometry routine was developed, which
would reduce the number of images of simultaneously detected events.
The candidate microlensing events covered a wide range in quality, some with very high
signal-to-noise (e.g. 101-B, 108-D, 118-B), while some were poor (e.g. 110-C, 114-C). This
was expected owing to the range of magnifications and stellar magnitudes involved.

Table I6. Parameters of some of the events
(after Alcock, et al., April 1997 and Errata, June 1998: 522)

___________________________________________________________________________
Note – Col.1 labels each event. Cols. (2) and (3) show the Galactic longitude and latitude of the
events, Cols. (4) and (5) approximate magnitude and colour of the lensed stars. Cols. (8)-(10) show the
parameters of the best fit microlensing models: time of peak amplification (Julian days -2449000), the
event duration tˆ, and the peak amplification factor. Col. (11) is the  per degree of freedom for the
microlensing fit. The superscripts on the event labels denote various special features of the stars. Stars
classified as clump giants are denoted by “c” and the two exotic “parallax” and binary microlensing
events are denoted by “p” and “d” respectively. Two likely microlensing events that failed the final
cuts are denoted by “f”, while “v” and “n” indicate events which passed the cuts but are likely to be a
variable star and a close neighbour of a variable star rather than microlensing.
2

Three events shown in Figure 130 had best-fit magnifications, substantially higher than the
highest measured point. For events 101-D and 124-B, it was possible that the light curve of
these stars may deviate from the form given by the equations (56) and (58) if u (t) became as
small as the projected radius of the source star.
The light curve would steepen near the peak and then flatten more abruptly at the peak.
“Under sampled events with this type of light curve will often generate best fit peak
magnifications which are substantially in excess of the highest measured magnification”
(Alcock et al., April 1997:123).
If such events had been discovered before peak magnification by their alert system
(operational 1994), better photometry would have been obtained with much better time
resolution. Better photometry of high magnification, such as these events, would have
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enabled the setting of an interesting limit on the projected Einstein ring radius in comparison
with the radius of the source star.
Events 104-C (see Figure 133) and 119-A (see original paper) exhibit a different type of
exotic deviation. 104-C shows a ‘parallax’ effect from the motion of the Earth causing u (t) to
deviate from the uniform motion set down by equation (58). This caused a slight asymmetry
of the light curve, with deviations from the best fit symmetric light curve
(see Figure 133)This deviation was corrected, by using a model which took the movement of
the Earth into account, allowing the measurement of the lens velocity projected to the solar
position.
The other ‘exotic’ event is 119A, the result of microlensing by a binary lens, and was first
seen by OGLE 7 Udalski et al.., (1994b), which was later confirmed by Alcock et al.,(1997)
as their data had a better time coverage. The observations resolved the caustic crossing which
was the first time such an event had been seen.
Figure 133: Light curves for MACHO blue and red pass bands as shown for the 45 events
(after Alcock et al., 1997: 125-135).
A selection of light curves are shown on pages 284, 285 and 286.
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Figure 133
Light curves for the MACHO blue and red pass bands are shown for the 45 events
discussed in the text. The units are linear flux units normalized to the best fit unmagnified flux
given in Table 14. Only samples of the light curves are shown.

284

DARK MATTER from MICHELL to MACHOS

Figure 133 Continued
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Figure 133: Continued (after Alcock et al., 1997:125 – 135)

There were two events 113-C and 121-B that passed the cuts but it was believed that they
were not actual microlensing events and therefore were not used in subsequent analysis.
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113-C was considered to be contaminated by a nearby variable and 121-B was eliminated
because it had the appearance of an intrinsic variable.
Figure 131 shows a colour-magnitude diagram indicating the locations of the baseline colours
and magnitudes for each of the 45 stars together with 7% of the stars in the 5`x5` regions
containing each of these stars. The colour bands used for the plot were

VM  0.94v  0.06r
RM  0.32v  0.68r,

(53)

where v and r are the MACHO instrumental passbands, and VM and RM were designed to
approximate the Johnson V and R. There was no correction for extinction which caused
smearing along the left face of the quadrilateral drawn on the diagram. The quadrilateral was
the selected ‘clump giant’ region of the diagram defined by

0.1076VM 1.008  VM  RM  1.6,
RM  18.0,

VM  16.

(54)

The heavily populated region of the diagram close to the diagonal left face of the region was
populated by clump giants ( core helium-burning horizontal branch stars).

Figure 134: The colour-magnitude diagram for each of the 45 event source
stars along with a random selection of 7% of the stars in 5` X 5` regions
containing each of these stars. The unmagnified locations of the lensed
stars are indicated, and the ‘clump giant’ region defined in the text is
shown as the region enclosed in the dashed contour. A reddening vector
is shown (after Alcock et al., 1997: 137).
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Figure 134 shows that the events are spread throughout the heavily populated areas indicated
in the diagram. The microlensing events did not present a representative sample of the colour
magnitude diagram; because there was a much larger fraction of microlensing events among
the bright red clump giant branch stars than there was amongst the numerous fainter stars.
The very faint stars at the bottom of the diagram seem to be over-represented in this area of
the colour magnitude diagram. The three events 120-A, 159-B, and especially 110-C are in
this very sparse region. There were several possible explanations for this, the main one being
it was a result of magnification bias, 120-A and 110-C may be due to stellar variability
instead of microlensing. Another possibility was that these faint stars may be behind the
bulge, where there would be a higher optical depth to microlensing.
The paper then gave a detailed analysis of how the MACHO group applied detection
efficiency, distribution of peak magnification and in particular optical depths estimates. They
also showed the calculations for the Einstein ring diameter crossing times which impacted on
their observation times.
The MACHO collaboration concluded their paper with a summary of their first year project
microlensing survey toward the Galactic bulge. From observations over a period of 190 days
of a data set of 12.6 million stars, they discovered 45 candidate microlensing events. There
were many events with high magnifications and two events which showed exotic secondorder effects: the first observation of parallax in a microlensing event and the other a binary
lens. The distribution of the peak magnifications was as predicted and the events were
distributed across the colour magnitude diagram. It was reasonable to assume that the large
majority were microlensing events.
An unexpected result of the colour-magnitude distribution was the discovery of two
microlensed stars on the upper main sequence. This was unexpected, as the stars were
considered to be in the foreground of the majority of the lenses. The existence of these events
was difficult to reconcile with Galactic models, where approximately 25% of the
microlensing optical depth came from the disk, unless a large percentage of the bright mainsequence stars were more than 4kpc away.
To determine the microlensing optical depth towards the bulge, the collaboration
concentrated on a sub set of 13 ‘clump giants’ as lenses stars. These stars tended not to suffer
from contamination of foreground disk stars and they were bright enough to overcome the
effect of blending of stellar images, and so did not have a significant effect on the
microlensing detection efficiencies.
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Based on the sample of 13 ‘clump giants’ the collaboration determined a microlensing
6
optical depth of  CG  3.91.8
which was similar to the OGLE result. Based on the full
1.2 10

sample they found:
6
 all  2.430.54
0.45 10  0.75 f Blend  
0.8 1  f Disk  ,

(55)

f Blend is the degrading of detection efficiency due to stellar blending and f Disk is the fraction
of the collaboration’s source stars in the foreground disk. Alcock et al. concluded this paper
with the comment:
“If the true optical depth is close to the collaboration’s central value, then the inner
Galaxy probably contains more mass than in most Galactic models, and the dark halo
may have a larger core radius than is usually supposed” ( Alcock, et al., 1997:145).

8.4.4 The MACHO PROJECT: Microlensing Results from 5.7 Years of Large
Magellanic Cloud Observations

MACHO previous results suffered from Poisson error, because of the small number of
events. To improve the results, the monitoring time span was increased from 2.1 to 5.7 years
and the number of fields from 22 to 30. This gave 13-17 events (depending on the selection
criteria used) and improved sensitivity to long duration events and therefore to higher mass
MACHOs.
The same observational techniques, photometric reduction and analysis were continued
from the previous period, as reported above, and displayed in a similar manner. An
improvement was made in the detection efficiency, which resulted from the increase in
observations and the larger number of faint stars that were included in the survey. The final
results were based on an analysis of optical depth as before.
Alcock et al.,(The MACHO collaboration) 1997a conducted an analysis of 2.1 years of
photometry of 8.5 million stars, resulting in 6-8 microlensing events, suggesting an optical
7
7
depth towards the LMC of 2.91.1
based on the 8 -event sample and 2.11.1
0.9 10
0.7 10 for

the 6 -event sample. This was interpreted as the MACHO contribution to the Milky Way
11
dark halo, implying a MACHO mass out to 50kpc of 2.0 1.2
0.7 10 M sun . Based on the halo

model used, this gave a MACHO halo fraction of between 15% and 100%, with a typical
MACHO mass of ( 0.1  1M sun ). In addition, the EROS group Aubourg et al. (1993) had
reported two candidates, which they interpreted as placing a limit on the number of MACHOs
with masses less than 0.8M sun .
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The upgraded EROS 11 reported on an additional two events, which they interpreted as
limiting the number of MACHOs with masses less than 1M sun in a standard halo, to less than
60% (Lasserre et al., 1999). Several collaborations, working in this field, reported LMC
events having characteristic timescales between ˆ ~ 34 and 230 days, and there were no
reported candidates in the short time scale events of 1hr  ˆ  10 days, which permitted
important limits to be set on low-mass 'dark matter'.
The selection criteria used by MACHO for the first set (hereinafter referred to as ‘criteria
set A’ or more simply ‘set A’) were based on accepting events with a single highly significant
bump in either passband and with a flat base line. This was similar to the 2.1 year survey,
described above, and was sometimes referred to as A97, meaning the results from 1997. The
second set, known as ‘criteria set B’ was designed to be rather loose, attempting to search for
exotic or low-S/N microlensing candidates. It also searched for a single significant bump in
either passband with a flat baseline that made use of new statistics not previously available.
There was a substantial improvement in the 5.7 year analysis, but there were still a number
of errors or potential errors existing in the results. Errors due to model dependency and to the
small number statistics comprised the largest errors in the results.
The authors also listed further possible errors in more detail which should be considered in
the future:
a) Normalization of star-to-object ratio- The ratio of actual LMC stars to SoDoPHOT
objects varied across the field and was difficult to accurately estimate. The collaboration had
HST images for three areas and it was difficult to tie MACHO object-based photometry to
HST star based photometry to create a uniform luminosity function (LF). This procedure
caused an approximate 20% uncertainty in the final results.
b) Selection Criteria - Without a complete understanding of the background, the selection
criteria were decided after examination of the data, which could have meant an imperfect or
biased differentiated background and microlensing. The authors applied two independent sets
of selection criteria to test the sensitivity of this bias, giving a 20% uncertainty in the
selection criteria.
c) Correction to ˆ - Blending caused the duration of events to move from their expected fit
values. This was accounted for by statistically adding a 3% uncertainty in this correction.
d) Binary source stars - In the Milky Way most stars were in a binary or multiple star
system which would have implied that the same grouping would apply in the LMC. The
LMC luminosity function did not include a correction for this, as it was very complicated and
uncertain.
e) Exotic microlensing - Binary-lens microlensing or other exotic lensing was not added
into the artificial light curves and therefore the efficiencies of these were unknown.
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f) Others - In the artificial star created for the Monte Carlo procedure used by the MACHO
group, it was assumed that all the flux added went to the nearest SoDoPHOTO object, but
this was not the case. Direct tests revealed that it had not occurred in about 3% of the cases.
Finally, it was noted that due to the complex nature of systematic errors, it was not possible
to simply add the errors together. Systematic errors could be strongly asymmetric. The
estimated total systematic error was in the range of 20-30%.
The collaboration compared the number of detected events and the distribution of observed
timescales, ˆ , with predictions from models of various lens populations. There was a lot of
knowledge about the density and velocity distribution of stars and remnants in the Milky Way
and the LMC, but little was known about the dark halo of the Milky Way, and even less about
the dark halo of the LMC. However, the authors left the fraction, f, of the dark objects that
can be lenses and their masses, m, as free parameters, which they determined using a
maximum-likelihood analysis. A similar analysis was done in 1997, in which they found f
values between 0.15 and 1.0 at 90% confidence level, with MACHO masses m between 0.1
and 1.0 M sun . The uncertainty of the results was because of the small sample statistics and
uncertainty in the models. In the 5.7 analysis the authors made improvements to the
likelihood analysis, as they had a larger sample and an improved efficiency determination.
The microlensing event rate, , was more model-dependent than optical depth,  . It
depended on the event timescales via the mass function of MACHOs and their velocity
distribution, with the uncertainties in  given by Poisson statistics, which made it useful in
quantifying errors on any measurement, once a halo model was specified.
The number of observed events was given by a Poisson distribution with a mean of

d ˆ ˆ
  t  dt
ˆ
dt
0

8

N exp  E 

(56)

where E  6.12 107 object-years was the total ‘exposure’ and d  dˆ was the total
differential microlensing rate,

d
d
d
d
 f
 MWhalo  ( thindisk)   LMC  ....
dˆ
dˆ
dˆ
dˆ

(57)

For a typical 'dark matter' halo consisting of 100% MACHOs, the total rate of microlensing
16
events with Amax >1.34 was   1.6 10  m / M sun 

0.5

events per star per year. If all the

MACHOs had the same mass, and with 100% efficiency, the present data set would have

100  m / M sun 
of

the

two

0.5

events. If the average time scale was ˆ  140  m / M sun  , the product

gave

1/2

the

optical

depth

independently
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  140  m / M sun  days. Although this was the case in real experiments, the MACHO
1/2

content would depend on their mass.
Based on four stellar components and a dark component of the Milky Way, a stellar and dark
component of the LMC, given the efficiency and exposure together with a model of the
density, velocity distribution and mass function of a lens population, the collaboration
calculated the expected microlensing depth, microlensing rate, distribution of event durations,
and the number of expected events detected in the 5.7 experiment. A summary of the results
is shown in Tables 15 and 16.
Table 15 shows microlensing quantities for various lens populations, with density and
velocity distributions described above. Here  is the optical depth,

l is the mean lens

distance, and  is the total theoretical microlensing rate, but in all cases excluded bright
lenses.
The density of the Milky Way and the LMC thin and thick disks was modelled using the
double exponential,

d 

 R
M disk
z 
exp  
  ,
2
4 zd Rd
 Rd zd 

(58)

where z and R are cylindrical coordinates, M disk is the total mass of the disk, zd is the scale
height, and Rd is the scale length. The Milky Way disks were often specified by the column
density,



0

, at the solar circle, R  R0 ~ 8.5kpc making the relation



0



M disk  R0
e
2 Rd2

Rd

.

(59)

Table 17. Microlensing by Stars (after Alcock et al., 2000: 301).
___________________________________________________________________________

Population

 108

ˆ

l

108

days

(kpc)

 yr 
1

Nexp  A Nexp  B 

__________________________________________________________________________________

Thin disk………………. 0.36
Big thin disk (F)………. 0.59
Thick Disk…………….. 0.20
Spheroid……………….0.20
LMC disk (with halo) … 1.6
LMC disk(without halo)..2.6

101
101
104
129
120
120

1.3
1.3
3.6
8.8
50
50

1.7
2.7
0.90
0.90
5.8
9.8

0.38
0.60
0.20
0.19
1.3
2.2

0.49
0.79
0.26
0.25
1.7
2.9

The expected number of events, N exp , includes the detection efficiency averaged over the

ˆ distribution. The LMC values are averaged over the locations of the 30 fields. N exp is the number of
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expected events using either selection criteria, set A (13 events) or set B (17 events). Two models of
the LMC are considered, (1) pure disk/disk self-lensing, and (2) disk/disk self-self-lensing plus an
LMC dark halo. Lensing from the LMC stellar disk only is shown in this table.

For simplification, the velocity distribution of a disk was characterized as a constant
rotational velocity, vc , with some isotropic dispersion,  v , in addition.
The Milky Way spheroid density was as determined by Guidice, Mollerach and Roulet in
1994:

 sphere = 1.18  10 4 (r/R 0 ) 3.5 M sun pc 3

(60)

based on zero rotation and an isotropic velocity dispersion of  v =120 kms 1 .
The collaboration considered three possible halos, all from A96 and A97,
(Alcock et al., (1996a) and (1997a), referred to as A96 and A 97 ), a Standard model S, a
Model B that had the largest possible halo the data would allow and model F which had a
nearly maximum disk and a very low mass halo, again the smallest halo the data would allow.
The density of model S was given by:

 H  r   0

R02  a 2
r 2  a2

(61)

where  H is the halo density, 0  0.0079M sun pc 3 is the local 'dark matter' density, r is the
Galactocentric radius, R0  8.5kpc is the Galactocentric radius of the Sun, and a = 5 kpc is
the halo core radius.
An explanation was given for the basis of the models listed in Table 16. These results
differed slightly from those presented previously (A97), because of the different models used
and a different present-day mass function (PDMF). But most importantly, they did not count
bright lenses that could not be detected as microlensing in their experiment. The program was
set with a cut at approximately V = 17.5 mag., so brighter stars could not be found as a lens.
The Monte Carlo indicated that this reduced the number of expected thin disk lensing events
by more than half. It had a lesser effect for the thick disks, spheroid, etc and little effect on
the LMC disk lensing. The Table 16 results used the full Monte Carlo for all stellar
distributions.
The collaboration determined the most likely values of the halo fraction f and unique
MACHO mass m using the set A (13 events) and set B (17 events) and their corresponding
efficiencies.
The results were dependent on the model Alcock et al., (2000b) used and selections of
possible halos were considered, including the standard halo (model S from A96 and A97).
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The results are listed in Table 16, and Figures 135, 136 and 137 show the corresponding
likelihood contours.
The likelihood contours were for both the 13 -event and the 17 -event samples, with and
without the LMC halo. The peak of the likelihood contours gave the probable mass and halo
fraction for a given model. For set A with a LMC halo the authors determined

m2 D  0.48M sun and f 2 D  0.20 , and for set B m2 D  0.67M sun and f 2 D  0.23.
Table 18. Maximum-Likelihood Fits (after Alcock et al., 2000: 302)
___________________________________________________________________________

N exp
Model/

Comment

mML

f ML



 ML

(1010 M sun ) 108

( M sun )

Event

f ML M H



__________________
MW LMC Halo Stars

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
__________________________________________________________________________
0.010
S/13…… standard 0.600.28
9.6
0
3.0
8.543
1053
0.20 0.210.07
S/13…… standard

0.08
0.540.26
0.18 0.200.06

7.93.4
2.6

1154

9.4

1.1

2.1

S/17…… standard

0.790.32
0.240.09
0.24
0.08

1043

1144

12.7

0

3.9

S/17…… standard

0.720.30
0.220.08
0.20
0.07

9.133

1254

12.4

1.4

2.7

4
3

5
4

9.7

0

3.0

5
4

9.8

0.62

2.1

B/13…... big halo

0.35
0.22

0.68

0.30
0.22

B/13…… big halo

0.66

B/17……big halo

0.920.40
0.28

B/17…

big halo

F/13… small halo

0.06
0.04

0.12

0.05
0.04

8.8

4
3

10

0.12

8.8

11

0.140.06
0.04

1043

1154

12.5

0

3.9

0.870.35
0.140.05
0.26
0.04

1043

1254

12.9

0.78

2.7

4
4

4
3

9.5

0

3.2

11

7.0

3.3

2.3

1143

12.5

0

4.2

0.16

0.08
0.05
0.09
0.06

0.50

0.22
0.18

0.39

0.17
0.13

F/13… small halo

0.19

F/17 … small halo

0.220.09
0.570.21
0.06
0.17

10

8.0

3
3

1144

10

4
3

0.440.16
9.033
1144
F/17… small halo 0.250.10
9.2
4.3
3.0
0.07
0.13
__________________________________________________________________________
Note. Col.(1): Model as defined in A96 and A97 and the number of microlensing candidates used;
either 13 from selection criteria set A, or 17 from criteria set B. Model S is given by equation (57) and
has a typical size halo; model B has a halo as large as possible, and model F has a halo as small as
possible with a thin disk. Cols. (3) and (4): Maximum-likelihood MACHO mass and halo fraction
Cols. (5) and (6): Implied total mass of MACHOs within 50 kpc of the Galactic centre and the
resulting halo optical depth. For models with dark LMC halos, the sum of the LMC and Milky Way
MACHO optical depth is shown. Col. (7): Number of expected events from the Milky Way halo; col.
(8): number of expected events from the LMC halo; Col. (9) expected number of events from
stars (Table 12). Every Milky Way model is shown twice, once with a dark LMC halo, and once with
the dark LMC halo set to zero.
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Figure 135: Likelihood contours for MACHO mass m and halo fraction f for model S (left figure),
which has a typical size halo. The + sign shows the maximum-likelihood estimate, and the
contours enclose regions of 68%, 90%, 95%, and 99% probability. The panels are labelled
according to which set of criteria (A or B) is used, and whether or not a LMC halo with
MACHO fraction f is included. The right hand Figure 136: is the same as 135 but for model B
(after Alcock et al., 2000: 304).

Figure 137: Same as Figure 135, but for model F (after Alcock et al., 2000: 304).

From these results the authors made the following comments:
a) Sets A and B gave similar results suggesting that the systematic error introduced by the
selection criteria methodology was only small. The MACHO halo fraction was much the
same between the two sets, but the MACHO mass did vary between the sets. The variation
lay within 1 of each other, which was a result of the rejection of event 22 from set A.
b) Although consistent with the optical depth estimates, the values of the halo fraction were
only half of those fractions found in A97. It was again noted that the optical depths reported
in Table 16 were the estimated MACHO contribution and did not include the background of
stellar microlensing. This is shown in Table 15.
c) Because of the larger number of events in the 5.7 year survey, the confidence intervals
were substantially smaller than for A97, lying within the A97 90% confidence region.
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d) Based on model S with a large LMC disk but no LMC dark halo, in both sets A and B,
the predicted number of background events was substantially below the number of detected
events.
This indicated that the microlensing events did not come from known stellar populations. In
the case of an LMC halo plus LMC disk, the LMC disk self lensing must be smaller, because
part of the LMC rotation curve was supported by the halo. However, this indicated that some
of the lensing came from the dark halo, which changed the predictions of the MACHO
fraction, as the LMC halo contributed very little to the total mass of the Milky Way. As
shown in Table 16 for model S the expected number of background events was significantly
less than the number of observed events. When a LMC dark halo was included, the events
from the LMC halo count towards 'dark matter' which was not uniformly spread across the
sky. The predicted values changed from f = 0.21 to 0.20 and m = 0.60 to 0.54 M sun for set A,
and from f = 0.24 to 0.22 and m = 0.79 to 0.72 M sun for set B. The probable total mass in
MACHOs in the Milky Way dark halo, within 50kpc, dropped about 10%, from

8.5 1010 to 7.9 1010 M sun , when a LMC dark halo was included.
With a typical halo model, for example model S, the likelihood contours ruled out a 100%
MACHO halo in all cases. This was not indicated in the previous survey (A97) and was an
important result from the wider survey. Strong limits on a MACHO 'dark matter' halo were
given for low-mass lenses by Aubourg et al. (1993), Alcock et al. (1997),
Ansari et al. (1997), Afonso et al. (1999) and Lasserre et al. (1999). The MACHO sensitivity
to events longer than a thousand days was small, so 'dark matter' objects with masses of tens
of solar masses could not be ruled out.
The collaboration interpreted the results with the following comments.
Several interesting features could be seen in Table 16 and Figures 134, 135 and 136. The
likelihood curves in the new data set showed that the uncertain nature of the Milky Way halo,
dominated over the Poisson error and the systematic error caused by the selection process.
Most of the models showed that the most likely values and confidence limits remained the
same, even when there were significant differences between the models. However, there were
some model-independent conclusions. In all models, the total predicted mass in MACHOs
within 50 kpc (Table 16 column 5) was approximately 9 1010 M sun . For very small halos, i.e.
model F, the total MACHO mass was dependent on the LMC halo model. If there was no
dark LMC halo, masses up to 10 1010 M sun were found, whereas with a large dark LMC
halo, this dropped to 8 1010 M sun . With the large MACHO fraction, caused by the small
Milky Way halo, the LMC halo contributed a lot to the microlensing without adding much to
the mass within 50 kpc. If the total MACHO contribution was added to the microlensing
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depth (MW halo + LMC halo), the result is  ML  1.1  0.4 107 independent of the MW
and LMC models (Table 16 column 6).
The following models were completely ruled out: S and B with 100% MACHOs, F with no
LMC halo and a 100% MACHO halo. The only time the data was consistent with a 100%
MACHO halo was when there was an extremely small Milky Way halo coupled with a small
LMC halo. This was the strongest limit on an all-MACHO halo, a major result of the
extended search. The collaboration did not set strong limits on 'dark matter' objects with
masses in the tens of solar masses. However, the total mass of 9 1010 M sun for MACHOs
discovered, represented several times the mass of all known stellar components of the Milky
Way. “If the bulk of lenses are located in the halo, then they represent the dominant identified
component of our Galaxy and a major portion of 'dark matter'” (Alcock, et al., 2000: 305).
Even though  MACHO and the total mass were model-independent as previously discussed in
A96 and A97, a mass of a MACHO, m, was not. Lighter halo models had a smaller implied
MACHO mass, mML ~ 0.2M sun (ML implied maximum likelihood) while heavier haloes had

mML ~ 0.8M sun . The authors concluded that their estimate of m was not firm. However,
masses below the brown dwarf limit of 0.08 M sun were considered unlikely and the nature of
the lenses remained unclear. Further evidence of 'dark matter' was provided by the discovery
of many more microlensing events in the two sets A and B than was predicted by the models.
The question remained unanswered as to whether or not an LMC halo could supply the
observing microlensing. Due to the lack of stellar tracers found with the velocity dispersion
of approx. 50 kms expected for a halo population, the collaboration concluded that the LMC
halo was dark. Table 16 indicated no difference in predicted background or other quantities
for models S and B, but for model F, approximately half of the expected events came from
stars or the LMC halo. However, even in that case, the authors considered that a nonMACHO halo was unlikely (Alcock et al., 2000).

8.4.4.1 Summary and Comment
The MACHO collaboration detected between 13 and 17 microlensing events towards the
LMC. The implied optical depth, microlensing rate, and MACHO halo fraction were
approximately half of that previously determined in 1997. The increase in events enabled the
reduction of Poisson errors and with improved efficiency of analysis, the interpretation of the
microlensing events were then dominated by uncertainties in the models of the Milky Way
and the LMC. The number of events was not consistent with known lens sources and the
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0.4
measured optical depth  2400  1.20.3
107 was much larger than that allowed by known

Galactic and LMC stellar populations. The total implied mass in MACHOs was independent
of the dark halo model and was substantially larger than all known stellar components of the
Galaxy. The most important conclusion was that a 100% all-MACHO Milky Way halo was
ruled out with a 95% confidence level.
The results could be explained by a 20% MACHO Milky Way halo, or a LMC halo that
dominated the microlensing with no MACHOs in the Milky Way halo. The spatial
distribution of events made lensing entirely by a stellar population, the LMC disk or bar less
likely. Further examination of the distances to some of the LMC lenses could be useful in
understanding the full impact of the LMC halo. Alcock’s comment (2000: 305) suggesting
that the lenses in the halo represented the ‘dominant’ identified component of our Galaxy and
was a major portion of 'dark matter' did not agree with the then current thinking. The majority
of 'dark matter' is now considered to be non-baryonic where as the lenses would be part of the
baryonic proportion.

8.4.5 The MACHO/GMAN Collaboration-Binary Microlensing
The search for gravitational microlensing had been very successful since the concept was
first suggested in 1986 and by the turn of the century (2000), the total number of candidates
recorded by the several collaborations, exceeded 400.
A large class of 'dark matter' candidates were ruled out, when comparing the more efficient
observed event rate with the model predictions. But this comparison appeared to have
detected a previously unknown component of the Galactic Magellanic Cloud system in
lensing objects. The extensive microlensing data bases had permitted important constraints to
be placed on the galactic structure (Alcock et al., 1997).
The previous MACHO system for calculation assumed a single point lens for which
the equation describing the image positions in the lensing plane was:

s  i  RE2

ix

i  x 

2

,

(62)

where s, i, and x were the positions of the source, image, and lens, projected along the line of
sight into the lens plane. RE was the Einstein ring radius. Binary microlensing could be
described by extending equation (59) to cover the case of two deflectors:
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where 1   2  1 and refer to the mass fraction of each lens. RE referred to the Einstein ring
radius of the complete lens system  M1  M 2  . With the binary system the inverse mapping
from the source plane to the image plane was multi-valued, with each point on the source
plane creating three to five images on the image plane. The boundaries between the regions
of these images were referred to as critical curves (caustics).
The event light curve could differ from the standard microlensing light curve, when a
source crosses near or over a caustic. During a caustic crossing, two of the images would
either merge or disappear, or the number of images within the region bounded by the caustic
surface increased. For a realistic profile, the observed magnification became the weighted
mean of the magnification factor over the source, giving a finite value.
Based on an observed caustic crossing, the temporal width of the transit gave a measure of

t , the source radius crossing time. This was the time the lens took to move relative to the
source, by an angle equal to the source angular radius. Given an estimate of the true angular
size of the source, it would yield the proper motion of the lensing system with respect to the
source star. If a caustic crossing was detected by enhanced magnification between caustics,
sufficient warning was given to ensure a dense enough sampling on the second crossing, to
estimate the lens’s proper motion. The estimated number of binary lenses was approximately
6% of all events.
The purpose of this paper was to present examples of binary lens type light curves
discovered in the microlensing surveys previously reported. Many of the alert events from
1995 to 1998 were also followed by co-operation with the Global Microlensing Alert
Network, GMAN; Pratt et al., (1996).
Observations were carried out at the Cerro Tololo Inter-American Observatory (CTIO),
WISE Observatory in Israel, University of Toronto Southern Observatory (UTSO) at Las
Campanas, Chile and the Mt Stromlo Observatory in Canberra, Australia. The Mt Stromlo
observations were reduced using the SoDoPHOT photometry routine. The same procedures
were used to estimate the possible error factor, as in the microlensing surveys.
The characteristics of the MACHO objects that received lens flux were tabulated and given
an event name, in addition to the MACHO star identification. Fit parameters for the binary
microlensing events were also given. All these results were made available on the World
Wide Web at http://wwwmacho.anu.edu.au/ and http://wwwmacho.mcmaster.ca/. For the 44
events recorded, the authors presented a light curve of the fits as well as a schematic of the
critical and caustic curves, induced by the binary lens. Examples of these curves are given in
Figures 135,136 and 137
.
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Figure 138: Light curve of MACHO event LMC1 including fits indicating a planetary
mass secondary lens (----) and a more standard binary system ( ____)
(after MACHO/GMAN, 2000: 273,Fig.1),(ApJ,541: 270-297, 2000).

Figure 139: Location of the (red) caustic and (blue) critical curves for the LMC-1
standard binary fit ( ____ ) presented in Figure 137. The coordinate system,
whose origin is at the centre of mass, indicates distance in units of the system’s
Einstein ring radius RE . Also shown are the locations of the lensing objects,
and the trajectory of the source through the caustic structure
(after MACHO/GMAN 2000: 273, Fig.2), (ApJ., 541:270-297,2000).
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Figure 140: Location of the (red) caustic and (blue) critical curves for the LMC-1
‘planetary’ binary lens fit (---) presented in Figure137. The coordinate system,
whose origin is at the centre of the mass, indicates distances in units of the
system’s Einstein ring radius RE . Also shown are the locations of the lensing
objects, and the trajectory of the source through the caustic structure
(after MACHO/GMAN,2000: 274,Fig 3), (ApJ., 541:270-297,2000).

The LMC-1 (79.5628.1547) was the first microlensing event reported by the MACHO
collaboration Alcock et al., in 1993. The lensed object did not change colour significantly
during the event. Its colour and magnitude suggested that it was a slightly reddened red
clump giant star in the LMC. Therefore, the collaboration considered that it was a priority,
that a large fraction of the MACHO object’s brightness should be lensed.
Using a different photometry, the Tomany and Crotts (1996) analysis of the event images
indicated a very small centroid shift between the object and lensed source, 0".1  0".1, which
also suggested that a clump giant was lensed.
The light curve (see Figure 138) was the same as that for a single lens microlensing except
for a shoulder just after the light curve peak. This suggested a short time scale structure which
was not identified at the sampling of the survey system. Dominik and Hirshfeld (1996)
completed the binary fits for this event and the two fits shown in Figure 138 were presented
by Rhie and Bennett (1996). Because of similarities to standard microlensing, the fit was in a
class of fits with small lens separation (solid line in Figures 137 and 138) or large mass ratios
(dashed line in Figures 137and 138).
The duration of tˆ ~35 days for both of these fits suggested a mass of the lensing system of
~0.1 M sun Alcock et al. (1993). The large mass ratio fit suggested a secondary companion of
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~1 Jupiter mass. As there had not been any further research, these indications of mass could
not be confirmed.
Based on the fit results so far obtained, the collaboration examined the distribution of the
mass ratio of the binary lensing population towards the Galactic bulge. The distribution of
binary parameters  and a were not as informative' where  represented a random orientation
between the lens separation axis and motion with respect to source, and a was the projection
of the lens separation at a random (unknown) orbit phase. Figure 141is a histogram of the
distribution of mass ratios (q, defined to be  1 ) that the authors found from their bulge
events. Two fits each are shown for events 97-BLG-24 and 98-BLG-14 by the black and light
shaded areas.

Figure 141: Distribution of mass ratios  q  1 for the Galactic bulge binary
microlensing events. The contribution of the two fits each of events
97-BLG-24 and 98-BLG-14 are represented by the dark and light shaded
areas, respectively (after MACHO/GMAN, 2000:.293, Fig 47)

The microlensing fits provided a measurement of t* for 10 of the collaboration bulge events.
But those that most reliably constrained t* were 119-A, 96-BLG-3, 97-BLG-28 and
98-BLG-42. These four events had the most reliable measurements of the time it took the
lens to transit the source face 2t* . To estimate the proper motion of the lensing system, it was
necessary to determine the angular size of the source. This was achieved by assuming that the
source was a blackbody and estimating its effective temperature Teff and the apparent
bolometric magnitude mbol .
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Table 19. Properties of the lensing systems (after MACHO/GMAN, 2000: 295)
__________________________________________________________________________



Dol
1

Event
(mas yr )
(kpc)
M tot / M sun
M1 / M sun
M 2 / M sun
__________________________________________________________________________________

119-A…………1.84 (58)

7.00.8
0.9

0.891.25
0.42

0.490.69
0.23

0.400.57
0.19

96-BLG-3……..2.26 (47)

7.10.8
0.9

1.612.25
0.76

0.450.63
2.1

1.151.62
0.55

97-BLG-28……3.16 (44)

7.00.8
1.0

0.260.36
0.13

0.050.06
0.02

0.22 0.30
0.11

98-BLG-42……2.89 (78)
7.00.8
0.19 0.26
0.140.20
0.050.06
1.0
0.09
0.07
0.02
___________________________________________________________________________
Notes: The lens proper motion measurements,

  * t* ,

have been used in the likelihood analysis

detailed above to produce the lens distance and mass estimates given here. The errors quoted are 1  .
The authors noted that the errors in M 1 and M 2 are completely correlated.

8.4.5.1 Summary and Comment
The survey of the MACHO data base revealed many examples of binary lens systems
roughly in proportion to the theoretical predictions. A specific search was not suggested nor
implemented, except by others searching for extra planetary systems on an event by event
basis. The MACHO system did not lend itself to specific searches; as such occurrences only
have a very short time scale, which may not be recorded in sufficient detail to be identified.
This was very apparent with the analysis of 97-BLG-24 where a binary (possibly even
planetary) signal was detected, but it was not possible to characterise it.
Three of the bulge events (95-BLG-12, 96-BLG-3 and 98-BLG-12) were strongly blended
in all MACHO and GMAN pass-bands, which would have indicated that the lensing objects
may be luminous and observable with sufficient high resolution observations. These
observations may be achieved with the Hubble Space Telescope, or adaptive optics imaging
such as those available on systems like Gemini.
With respect to giant sources only a little blending was observed with the binary systems.
Event 98-BLG-16, which was a main-sequence source and highly blended in the MACHO
photometry, was resolved into two separate objects in the GMAN follow-up data, and the fit
blend fraction indicated that the lensing objects were in fact dark.
The distribution of mass ratios for 16 of the Galactic bulge microlensing candidates were
recovered, from which the authors resolved a caustic crossing. Based on the likelihood
analysis, the lens proper motions implied a population of binary lenses in the Galactic bulge
residing at a distance of 7  1 kpc. The masses of the lenses generally appeared to be
sub-solar.
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Alcock et al. cautioned against over-interpretation of the data set, particularly in the
Magellanic Cloud subset, as they considered that there could have been a number of
unquantified biases in their ability to distinguish between single and binary-lens cases.
However, it was considered that further observations of binary lensing events towards the
Magellanic Clouds made on an event by event basis, would enabled them to determine the
role that the lensing population plays in the larger context of Galactic 'dark matter'.
The various MACHO projects gave specific evidence of the existence of dark bodies in
binary systems. John Michell, in 1784, predicted the existence of such bodies based on the
theories of probability. If there were binaries of two luminous stars, then it could be shown
that there was a high probability that binaries could exist with one luminous star and one nonluminous or dim star. The MACHO projects finally proved the existence of these bodies
using gravitational lensing.

8.4.6 Afonso et al., Combined Analysis of the Binary Lens Caustic-Crossing
Event MACHO 98-SMC-1
The EROS collaboration reviewed the recent observations of the microlensing event
MACHO 98-SMC-1 by the five collaborations researching MACHOs, EROS, PLANET,
MACHO/GMAN, OGLE and MPS Conference. Despite the unanimous conclusion that the
lens was in the SMC and not in the Galactic halo, further research was warranted because of
the indication of degeneracies from its light curve, when fitted to a binary lens model. The
group considered it was important to determine whether or not the degeneracies could be
resolved, by combining all the available data from the five collaborations. Adding OGLE and
MPS data together constrained the first caustic crossing; the MACHO data covered the
baseline, with PLANET covering the main part of the second caustic crossing with support
from the EROS data.
Caustic-crossing binary events could permit the measuring of the limb-darkening profile of
the source star. If this could be achieved for MACHO 98-SMC it would be the first limb
darkening measurement for a metal-poor ‘A’ star, as was suggested by its existence in the
SMC.
The paper listed all of the important data, indicating from which observations it was taken
and why emphasis was given to each particular part.
The data were analysed using a slightly extended method devised by Albrow et al. (1999c).
Events of non-rotating binary lenses passing in front of a uniform source were described by
7+2n parameters, n being the number of observations. A detailed analysis of all of the
parameters was given, leading to developed light curves for predicted vs ‘observed’
deblended magnification for the close-binary model and for the wide-binary model.
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Deblended magnification was used because the data were in different passbands and therefore
the observed flux could not be compared.
Because the binary was known to be in the SMC, the proper-motion measurements could be
used to obtain estimates of the binary physical projected separation,

rp  d tE Ds

d tE  60kpc .

(64)

This gives rp  2.40 AU and rp  32.4 AU for the close-binary and wide-binary
solutions.
The projected separations could place limits on the motion of the binary. In the close-binary
solution, the blended background flux in the MACHO B-band light curve was approximately
50% larger than the source flux, so the larger of the two lens stars must be less than about

2.5M sun . With the wide-binary solution, the blended and source fluxes were nearly equal,
requiring the larger star to be less than about 2M sun . Therefore the total mass of the binary
stars was approximately M  3M sun .

Einstein Ring Radius

Figure142: Caustic structures for the (bold curve) close-binary and (solid curve) wide-binary
solutions. Each has been rescaled according to the Einstein crossing time of the solution.
The caustics have been rotated so that the source trajectories (straight solid line) overlap.
Time is shown in days from the second caustic crossing, so the source motion is to the right
(after Afonso et al., 2000:,349).
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Figure 142 shows a diagram of the caustic structure for a wide binary system with a period
of rotation of 75 years, together with the corresponding static solution. As the two lenses are
separated by a lot more than the Einstein Ring, the magnification structure was mostly a
superposition of the magnification of two isolated lenses. Figure 144 showed why the static
model was excluded: the source passes within ~0.4 binary mass Einstein radii of the larger
lens, which was about 0.55 Einstein radii scaled to the mass of the lens, giving a
magnification of about 2. The magnification could easily be seen in the data even with heavy
blending and the relatively large errors in the MACHO photometry.

Figure 143: Wide-binary trajectory with (d, q) = (3.65,0.36) for the static case and for binary with
P= 7-year period. The upper panel shows a close-up of the caustic together with the two source
trajectories which are barely distinguishable. The light curve/in this region is therefore independent of
rotation and the structure of the caustic fixes the local trajectory. The lower panel shows the full
caustic structure. The two caustics are separated by about 3.65 Einstein radii, or about 2 yr. This
interval is sufficient to allow the source companion closest approach to grow by a factor of ~2 relative
to the static case. This in turn reduces A-1 by a factor of ~3.5. The static solution is ruled out by the
data but the rotating solution is permitted. The source is moving to the left. d is given in units of the
Einstein ratio and q equals the binary mass ratio M 2 / M1 (after Afonso et al., 2000: 350).
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These results confirmed earlier claims that the relative source-lens proper motion was low,
placing it in the SMC. Despite the fact that the combined data were enormously superior to
any of the individual data sets, it offered two distinct solutions that match all the data, a closebinary and a wide-binary solution.
The study was of interest as it indicated another method to analyse binaries. It should be
remembered that the search for 'dark matter' started two hundred years previously with the
cataloguing of double stars and binaries.

8.4.7 A Next Generation Microlensing Search: SuperMacho.
The MACHO research observed 17 microlensing events towards the LMC over a period of
5.7 years. These events suggested a MACHO dark halo fraction of 8-50% with a 95%
confidence level for a typical halo model with a peak likelihood of 20%. The then current
large uncertainties were a result of the small number of observed events, and to reduce these
uncertainties required a large increase in observed microlensing events.
The SuperMacho project had operated from November 2001 to January 2002 on the basis
of half a night every second night. It was proposed to carry out the search for another 4 years
using the Boyden 60-inch telescope in South Africa and the 50 -inch MACHO telescope in
Australia. Unfortunately, bush fires destroyed the MACHO telescope in 2003. However, the
SuperMacho project continued, relying on results from the Boyden Telescope, attempting to
understand the nature of the populations of lenses responsible for the excess microlensing
rates observed by the MACHO project.
The observation strategy was too optimized to measure the differential microlensing rate
across the face of the LMC. They extracted several dozen microlensing candidates with some
preliminary light curves. As with the MACHO results, they found SNe behind the LMC to be
a significant contaminant. As the project continued, they hoped to be able to discriminate
between SNe and true microlensing.
An additional result from the survey was a catalogue of variable sources including many
classes of pulsating variables such as  -Scuti (HADS) and RR Lyrae (SAO/NASA ADS
Abstract Service 2005).
The exact nature of the lensing objects remains unknown. However, the possible source for
lenses could include:


Ordinary stars in a previously hidden thick disk component.



LMC stars acting as sources and lenses, known as self-lensing objects.



An intervening dwarf galaxy.



MACHOS.
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The first three possibilities seem very unlikely and the most possible solution was
'dark matter' in the form of MACHOS.
The SuperMacho project will place constraints on the existence of luminous lenses from
LMC self-lensing or from the foreground structure. It should be possible to determine the
lensing depth as a function of LMC surface density based on the larger number of
microlensing events. The SuperMacho project will try to monitor 500 million LMC stars
compared to the original MACHO’s 11.9 million stars.
The Einstein radius was dependent on the location and lens mass, making it difficult to
determine the physical parameters of individual microlensing events.

However, it was

sometimes possible to separate the parameters in exotic events caused by the following
effects:
* Perturbation by parallax such as when the orbital motion of the Earth changes the
observed line-of-sight.
* Xallarap (parallax spelt backwards) occurred when the source star was part of a multiple
system and the orbital motions affect the light curve.
* Finite source effects which occur when the impact parameter was very small.
* Binary lenses which cause dramatic increases in magnification.
Based on the exotic events observed towards the Galactic bulge the researchers expect
~10% of the SuperMacho events to provide additional information about their physical
parameters.
Due to the loss of the Mt Stromlo telescope, the SuperMacho project carried on mainly using
the Blanco 4 metre telescope at CTIO, Chile. This telescope had good ‘seeing’ at a typical
~1” which was a big improvement on the MACHO ~2.1” The improvement is shown in
figure 85 with a comparison of images of the same area of the sky.
The image reduction and event detection was carried out by using Difference Image
Analysis (DIA) (see C. Alcock et al.1999 ApJ.521, 2). The DIA scheme registered all images
of a field to a good seeing template image and by a process of subtraction, produced a
residual flux image, which only contained noise and point sources where the flux had varied
between image periods. The variable sources included microlensing events, variable stars,
supernovae and asteroids.
A full set of images was then differenced and photometry performed on all variable sources
and the light curves produced. The detection system would have then checked the light curves
to find profiles that match the characteristics of microlensing events.
The SuperMacho survey was also recording other data for future use in other programs,
such as an accurate astrometric catalogue of the LMC and a deeper photometry of a large area
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of the LMC. There was a possibility that near-Earth and trans-Neptunian’s objects in unusual
orbits far from the ecliptic will be discovered.

Figure 144: A comparison of images of the smaller region of the LMC with MACHO
image at the left and the SuperMacho image at the right hand (after Drake et al.2002:75).

8.4.7.1 Summary and comment.
The microlensing events in the LMC represent a large amount of hidden mass if the lenses
were within our Galaxy’s dark halo. The SuperMacho survey of ~60 microlensing events
hopefully rules out other possibilities to explain these events. The results, when combined
with those of the MACHO, should provide a stronger constraint on the nature of “LMC
microlensing and our Galaxy’s dark halo MACHO mass fraction” (Drake et al., 2002).

It was only the halo microlensing events that were relevant to identifying the 'dark matter'
and therefore it was necessary to confirm the exact location of the lenses creating the
microlensing events. It was hoped the exotic events would help the SuperMacho team to
achieve this objective.
_______________________________________
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CHAPTER 9 SUMMARY and COMMENT
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9.0 SUMMARY AND COMMENT
The search for 'dark matter' is a sequence of concepts, developed over more that two
hundred and fifty years, by researchers that could not observe such material, but sincerely
believed it must exist. As each step evolved, other researchers refined our perspective of 'dark
matter' at that stage.
John Michell in 1784 was the first to suggest the possibility of the existence of nonluminous bodies, as a consequence of William Herschel’s paper to the Royal Society on
double stars, binaries, as they are now known. Michell was interested in the theories of
probability and therefore concluded that if there were luminous double stars, then there was a
high chance that there were double stars, where one of the partners was non-luminous.
Michell calculated the size of a body so large, that its gravitation effect would stop its light
particles from escaping. This type of body was later studied by Schwarzschild using
Einstein's theory of general relativity and eventually became known as a ‘black hole', a
suggestion by
J. Oppenheimer in 1939 (Thorne, 1994). At the same time as Michell suggested the existence
of non-luminous bodies, he also suggested that the proper motions of a luminous body could
be disturbed by the nearby presence of a non-luminous body, now known as a perturbation.
In the same decade, Pierre- Simon Laplace came to the same conclusion, also based on the
theories of probability. His theory as proposed, was completely independent of Michell,
possibly Laplace did not even know of Michell’s conclusions. He was not very interested in
the concept and did not include the proof in his famous book, Exposition du Syst e me du
Monde. He only completed his proof at the request of the editor of the leading European
Technical Journal.
Little consideration was given to the concept of 'dark matter' until about 1840 -1850, when
F. W. Bessel confirmed Michell’s concept of perturbation by gravity. When studying the
proper motions of the stars Procyon and Sirius, which were recorded in 1755, by applying the
motions to the corrected clock times of 1834, the change in motion became obvious. This
work was confirmed by J. F. W. Herschel who, based on these observations, concluded “The
existence of numberless visible stars can prove nothing against the existence of numberless
invisible ones” (Herschel, 1845:141).
Again, there was another long pause in the search for, and understanding of the changing
concept of 'dark matter', until early in the 20th century, when Edward E. Barnard produced his
catalogue of dark patches in the sky. Barnard did not specifically add to the understanding of

311

DARK MATTER from MICHELL to MACHOS
'dark matter' and in fact disagreed with other astronomers, who suggested some of the dark
patches were an “opaque mass of some sort”, as some holes in the sky were clearly defined.
The next significant step towards the understanding of the nature of 'dark matter' was the
“Great Debate” of 1920 between Harlow Shapley and Heber D. Curtis, This was not a debate
in the true sense, but a presentation of completely opposite views, between two leading
astronomers of that time, on three different aspects of the universe.
(1) What was the size and structure of the Milky Way?
(2) What and where are the nebulae?
(3) Do island universes exist?

(Curtis 1920)

Shapley opened the debate with the proposition that the physical universe was at least
300,000 light years in diameter, whereas Curtis suggested a figure of 30,000 light years in
diameter for our Galaxy (and about 5,000 light years thick). Consequently, the globular
clusters were remote objects up to 220,000 light years away, well outside our Galaxy. As we
now know, the size of our Galaxy is approximately 100,000 light years in diameter (and
about 2,000 light years thick).
The sizing of the Galaxy was important to the understanding of 'dark matter', as it enabled
following researchers to decide its actual mass and thereby conclude, that there was
insufficient mass to hold the Galaxy together. This size concept was confirmed in the same
year by Anton Pannekoek of Amsterdam (Pannekoek, 1920b).
The next important step was made by Jacobus C. Kapteyn, in a paper to the Astrophysical
Journal in 1922, entitled “First Attempt at a Theory of the Arrangement and Motion of the
Sidereal System”. His calculations were based on ellipsoids, as the shape of the rotating
Galaxy.

Kapteyn estimated the number of luminous stars and their average mass and

suggested, that this only made up half of the mass of the Galaxy and the balance must be
'dark matter'. This was the first attempt to estimate the amount of 'dark matter' in our Galaxy.
In 1926, the theories suggested by Kapteyn were supported by Jan H. Oort in a public lecture
entitled “Non-Light- Emitting Matter in the Stellar System” (Oort , 1926).
Fritz

Zwicky

(1933)

published a

paper

entitled

“Die

Rotverschiebung

von

extragalaktischen Nebeln”, which translates to ‘The redshift of extragalactic nebulae’, in the
Basel University Journal. No explanation was even given for selecting this means of
publication of the most outstanding paper in the history of our understanding of 'dark matter'.
Zwicky was a resident of USA at that time. Basel was a university he had attended and there
may have been sentimental reasons, but it meant the international astronomical societies were
not aware of the contents for some time.
The important aspect of the paper was his analysis of the rotational speed and mass of the
Coma Cluster. Zwicky calculated a theoretical rotational velocity based on the observed
luminous mass of 80 km/sec. However, the Doppler effect observations indicated a speed of
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1000 km/sec, which would mean that the central density of the Coma system was at least 400
times larger than that which had been observed. Zwicky expressed his astonishment at this
result, but did not offer any possible explanation.
However, within a year Zwicky proposed that current methods of calculating the mass of
extra nebulae from their luminosities or internal rotation were unreliable and other methods
must be found. Further observations must be made.
The result of Zwicky’s further research was published in 1942 in a paper entitled “On the
Large Scale Distribution of Matter in the Universe” in which he analysed those effects that
govern the distribution.
Of particular concern was the use of observational methods to determine the occurrence of
clusters of nebulae, which he considered were victim of the “ever present demon of
selectivity” and therefore missed out on the totality of all natural phenomena, as it started
from prior premises. Zwicky suggested that observations based simply on the luminosity
function should not be used and made the same suggestion against the use of (a) conservation
of angular momentum, (b) the Virial theorem and (c) using the Boltzmann constant. By not
using an independent selection of nebulae, researchers were able to find luminous objects in
sufficient quantities, in each nebula, to suggest a substantial portion of luminous mass. The
results may not apply to all nebulae.
Zwicky did not offer any alternative method to determine the distribution of matter in the
nebulae, but requested that many more observations be made with the 18 -inch Schmidt
Telescope on Palomar Mountain. He closed his paper with arguments as to why the Universe
was stationary rather than expanding; basing his argument on the premise, that redshift must
be due to another cause rather than expansion, such as the gravitational drag of light, which
was proposed by John Michell in 1784. Although an expanding Universe became the
accepted view amongst astronomers, Zwicky never acknowledged that fact.
From 1948 until 1969 there was no continuance or interest in 'dark matter'. It should be
noted that this period was immediately after the Second World War with its development of
RADAR. The availability of surplus RADAR units led to the rapid development of radio
telescopes, which encouraged astronomers to move into the new field of research.
It took a paper from Kenneth Freeman in 1970 to renew interest in the observation of the
mass structure of spiral galaxies. The paper was entitled On the Disks of Spirals and S0
Galaxies and was based on research carried out at the Mount Stromlo and Siding Spring
Observatories, in NSW Australia. The basis of the paper was surface photometry, which
showed the difference between the spheroidal and the exponential components of most spiral
and S0 galaxies. The purpose of the research was to establish the circular-velocity field, the
mass-angular momentum densities and their proportion of total light. Again, there was an
attempt to relate mass and the emitted light of the galaxy.
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The paper does not specifically refer to 'dark matter', but raises related issues in respect to
the mass distribution of spiral galaxies. Freeman’s conclusion was that nearly all spiral
galaxies have a central mass concentration higher than that of the exponential disk and asked
why does it take this form? Further why do most of his sample disks have about the same
surface-brightness scale, despite the large range in absolute magnitude? Freeman left these
questions unanswered (Freeman, 1970).
Two short papers in 1974 drew attention back to the possibility of the existence of 'dark
matter'. Einasto et al. (1974), reiterated they had found empirical indications of the effect of
hidden matter on the dynamics of single and double galaxies, suggesting that this matter
forms the coronas of massive galaxies and that the total mass of the galaxy was twice the
mass of the luminous bodies. Within a few months Ostriker et al. (1974), suggested that there
were substantial reasons emerging, that the mass of ordinary galaxies may have been
under estimated by a factor of ten.
Ostriker et al. opened a discussion into a detailed analysis of the mass-to-light ratio of spiral
galaxies, commenting that the very large mass-to-light ratios and the great extent of spiral
galaxies, may be due to the presence of a giant halo of faint stars. The other possibility was
that there exists non-observable mass within the galaxies.
At this stage Zwicky’s concept of ‘missing mass’ was reintroduced into the discussion by
Margon (1975) in a review of the masses of the clusters, Virgo and Coma Berenices. He
based his arguments on what the missing mass was not, and in an expanding universe, why
didn’t the galaxies in these clusters separate? There must be a countering force stopping the
galaxies from spreading apart. This could only be a gravitational force due to the total mass
of the cluster, although the unseen mass could not be seen by telescope, radio, X-ray or by
ultraviolet light observations. A possible explanation could be that the mass was in the form
of super-dense configurations of matter called black holes. However, to bind the Coma
Cluster, Margon suggested that there would have to be hundreds of thousands of black holes,
which could not be observed. His last comment was “The material we seek appears to be the
overwhelming dominant form of matter in the Universe, and yet we can find no trace of it in
or near our Galaxy” (Margon, 1975: 6). The effect of 'dark matter' was becoming more
apparent in the study of galaxies and clusters.
The next step in this historical review of our changing concept of 'dark matter' was the
paper by Rubin et al. (1983), which attempted to answer the question “Is the distribution of
luminosity in galaxies, a reliable indicator of the distribution of mass? And, by extrapolation,
was the distribution of luminosity in galaxies, a reliable indicator of the distribution of mass
in the Universe? (Rubin et al.,1983: 88).
The paper moved quickly into the consideration of the mass versus light ratio. Their fairly
large sample of spiral galaxies showed that the velocity remains fairly constant, as the
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measurement of velocity, moved out from the centre as far as it was possible to measure.
From this, Rubin et al. concluded that the reduction in luminous mass in relation to the
distance from the centre must be balanced by an increase in non-luminous mass and
therefore, the distribution of light was not an indication of the total mass.
The authors suggested that on this basis, at least 90% of the mass in the Universe was not
radiating sufficient light to be detected from Earth. This was not the ‘missing mass’,
described by Zwicky in the 1930’s, which was gravitationally necessary to hold the Galaxy
together, but simply mass that cannot be seen and should be referred to as 'dark matter'. After
carrying out a detailed analysis of our Galaxy and making a comparison of hypothetical and
actual galaxies, the authors claimed that their study offered the first evidence that our Galaxy
had non-luminous mass.
Philip J. E. Peebles offered a model for 'dark matter' based on a theoretical analysis, rather
than the observed effect of such 'dark matter' on their nearby neighbours. The model was
based on several assumptions, which he later confirmed were violated on a large scale. This
paper contained a lot of ‘uncertainness’ but was a start in exploring the theory of the
formation of galaxies and clusters of galaxies.
Peebles' paper was quickly followed by the next key paper presented by G. R. Blumenthal,
S. M. Faber, J.R. Primack and M. J. Rees (1984) on the ‘Formation of Galaxies and LargeScale Structure with Cold Dark Matter’, which was a review article, covering 136 papers on
this subject, attempting to answer three important questions.
(a) Why were there galaxies and why were they of the shape and sizes we observe?
(b) Why do they exist in clusters and superclusters separated by extreme distances, which
were nearly void of any bright galaxies?
(c) What was the invisible mass or 'dark matter' which was detected by its gravitational
effects on nearby galaxies and clusters, but which had not been observed in any
wavelength of electromagnetic radiation?
The authors acknowledged that the mass of 'dark matter' in the Universe exceeded the
visible matter by at least an order of magnitude. If (c) could be answered, it should resolve (a)
and (b).
The first possibility to be considered was that 'dark matter' was cold, its thermal velocity
being cosmologically negligible in the early universe. Another theory was that 'dark matter'
consisted of neutrinos of a mass ~30 eV. Such particles were considered as hot 'dark matter'.
However, the authors decided to concentrate on particle physics candidates for cold 'dark
matter', based on the proposition, that such particles would have negligible thermal velocity
with respect to Hubble flow and have non-gravitational interactions that were weaker than the
weak interaction.
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The first particle considered was the axion but there was no evidence at that stage that they
existed. The next suggestion was the photino, the spin ½ supersymmetric partner of the
photon. Their annihilation at high temperatures was still incomplete. The third suggestion
was

at

the

other

end

of

the

scale,

being

black

holes

in

the

range

of 1016 M sun  M BH  1016 Msun , which do not interfere with galactic disks and star clusters.
There had been other suggestions of exotic 'dark matter'`, none of which have been proven to
exist. The main reason
Blumenthal et al., considered cold 'dark matter' was the growing evidence against baryonic,
hot and warm 'dark matter', which they discussed in detail.
Blumenthal et al. concluded their review with the claim that a Universe with ~ 10 times as
much cold 'dark matter' as baryonic matter provided a remarkably good fit to the observed
Universe. It should be noted that the authors did not take into account the effect of dark
energy, which was unknown at that time.
In 1985, the Royal Society held a discussion group entitled “Material Content of the
Universe”. There were two papers presented, later published in 1986, that added to the
understanding of 'dark matter'. Firstly, a paper by T. S. van Albada and R. Sancisi (1986)
gave a review of the observational evidence for 'dark matter' in spiral galaxies. The need for
'dark matter' could be deduced from the comparison of the distribution of light and the
rotation curve but, from a cosmological point of view, the amount was rather small. However,
they pointed to the concept of dark haloes surrounding galaxies, which had recently been
accepted. They used UGC2885 as an example of a galaxy having a halo, because of its flat
rotation curve extending out to about 80 kpc, as determined by work carried out by
Rubin et al. (1983) (See Chapter 7.7).
A flat rotation curve did not confirm the presence of 'dark matter'. It was however,
confirmed by radio observations of neutral hydrogen, that the rotation curves flattened out to
the last measured point at 5 or more scalelengths (h). Van Albada and Sancisi then
commented that if the gravitational field evolved from the distribution of luminous matter,
with constant M/L, the curves should begin to decline after approximately 2.5 disk scale
lengths. “The discrepancy is attributed to the presence of 'dark matter'”
(van Albada and Sancisi, 1986:449).
The authors carried out a review of the known observed rotation curves to add to their
proposal of dark halos but commented that the results are inconclusive. The important
conclusions offered were:
(a) 'Dark matter' was clearly evident in the outer regions of the galaxies.
(b) The amount of 'dark matter' inside 10 disk scalelengths (20-40 kpc) was three to five
times the amount of luminous matter.
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(c) The distribution of luminous and 'dark matter' was closely coupled with the bulge,
disk and halo, conspiring to produce flat rotation curves, but there was no evidence
available on the shape of the distribution of 'dark matter'.
The second paper was given by J. R. Ellis (1986) “Particle Physicists candidates for 'Dark
Matter'”. Ellis considered that his contribution to the conference was to list all the possible
particle candidates for 'dark matter', commenting that there was no shortage. But there was no
general agreement to which particle was the most plausible. There was no reason why most
of the candidates should have near closure density, except supersymmetric relics. He
considered that the supersymmetric relics were relatively easy to detect and should be
accessible to accelerator searches in general, offering the best prospects for rapid
experimental progress on 'dark matter'.
These two papers added more understanding as to what 'dark matter' could be. Van Albada
and Sancisi indicated where it could be found in spiral galaxies. Ellis listed what particles
may contribute to 'dark matter', suggesting a path to a final answer of what it may be.
In a substantial paper published in the 1987, ‘Annual Review of Astronomy and
Astrophysics’ Virginia Trimble completed a review of 777 papers of the current thinking at
that time, of the Existence and Nature of Dark Matter in the Universe. The paper included
tables of:
(a) Galactic mass as a function of galactocentric distance
(b) The amount of mass in visible stars, visible parts of galaxies, binary galaxies and
groups, rich clusters and superclusters, largest scale coherent structures, each with
their M/L ratio and density.
(c) Summary of non-baryonic 'dark matter' candidates.
This was a very important contribution to the understanding of 'dark matter'. Trimble posed
the question “Is there a 'dark matter' problem?” and suggested that 'dark matter' was not
necessarily the problem. The most relevant comment Trimble made, was that some
astrophysical problems could be solved by different kinds of 'dark matter,' but there was no
single kind of 'dark matter' that could solve all the problems at once, except for one, namely
baryons. It seemed the wrong approach, to apply different theoretical types of 'dark matter' in
an attempt to solve different observed properties of galaxies and various clusters.
During the same year, the International Astronomical Union (IAU) held their Symposium
117 entitled ‘Dark Matter in the Universe’. The editors of the publication of the presented
papers, Kormendy and Knapp, pointed out that it was the first time the IAU had held a
symposium on objects of a totally unknown nature. However, except for papers by Joseph
Silk and Ken Freeman, the presentations only clarified the evidence proposed by Virginia
Trimble on 'dark matter'.
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Silk compared the theories of galaxy formation including the effect of cold 'dark matter' and
by the fragmentation of gaseous pancakes or shells, and asked the question “What determines
the masses and binding energies of galaxies?” (Silk1987: 335). The first suggestion was that
galaxy formation proceeds from primordial isothermal fluctuations with the binding energy of
the galaxy, effectively imprinted during the initial conditions. The other suggestion was, all
primordial fluctuations on galactic and sub-galactic scales were suppressed. The only ones to
survive were on a galaxy cluster scale, which collapsed anisotropically, to form thin sheets or
pancakes, which subsequently fragmented.
The cold 'dark matter' theory of galaxy formation by hierarchical clustering was attractive
in its explanation of many of the characteristics of galaxies and clustering, but it did have
flaws, which were better explained by the pancake fragmentation theories. Silk suggested that
the answer may lay in the combination of both theories and further suggested, that in this
respect, modellers of galaxy formation should concentrate on dynamical relaxation and
dissipation and place less faith on cold, warm, hot or even no 'dark matter'.
The next major contribution was that of Ken Freeman, who opened his paper with a
confirmation of previously stated direct evidence for the presence of the massive dark corona
component Freeman (1987). He completed a review of work by Larson and Tinsley in 1978
Kalnajs (1983), Dekel and Shlosman (1983), Bahcall (1984), van der Kruit (1984), Freeman
(1984), Carignan and Freeman (1985) and listed the parameters for dark halos of pure
galaxies. A small review was made of other types of galaxies.
Freeman’s research indicated that the galactic dark halo probably extended out to about
50-100 kpc and its mass is (5  10) 1011 M sun . Based on these parameters Freeman
concluded, that the luminous mass together with the bulge and 'dark matter' associated with
the disk, was about 7 1010 M sun . The dark plus luminous mass out to the Holmberg radius,
was approximately 18 1010 M sun , indicating the ratio of dark to luminous mass was about
1.5, which was similar to the previously listed parameters. Freeman concluded “The ratio of
the total dark mass to luminous mass could be as large as 15” (Freeman, 1987:129), which
was only twice the largest value of dark to luminous mass out to the limit of rotation data,
given in his table of parameters.
Freeman’s research, expressed in several papers, illustrated a trend to determine, the actual
ratio of dark to luminous mass in spiral galaxies.
Carignan and Freeman (1988) posed the question “DDO154 A Dark Galaxy?” in a paper
discussing the mass distribution of this gas rich dwarf irregular galaxy. They had observed
the galaxy, using the Very Large Array (VLA), which overcame the difficulties of previous
observations. They recorded the optical parameters, from which they produced a table of
parameters from the mass model. They concluded:
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(a) DDO 154 was one of the most gas-rich systems known.
(b) It had one of the longest rotation curves ever derived in terms of optical scale
lengths.
(c) The mass distribution gave a  M / LB   1.0 and for the stellar disk

M

disk

 5 107 M sun  .

(d) The dark halo component was the main contributor to the rotation curve for all

r  1kpc .
(e) The combined (dark and luminous) mass of 4.0 109 M sun gave a global

 M / LB total  80

and  M dark / M lum   12 .

These results indicated that DDO 154 could be classified as a dark galaxy, as 90% of its
mass at 7.6 kpc was contributed by the dark component and confirmed “there exist galaxies
where the luminous matter is only a minor component for the total galaxy mass”.
Carignan and Freeman then suggested there may be a more of a missing light problem than a
missing mass problem.
Consequently by the late 1980's, a period of approximately two hundred years from 1784,
evidence suggested by mathematical analysis and observational techniques measuring the
perturbations of proper motions of astronomical bodies, had supported the existence of 'dark
matter' to at least a 99% confidence level. However, the direct observation of 'dark matter'
was still lacking.
Prior to the 1988 paper on the DDO154 galaxy, when Freeman was working at Princeton,
he had met Bohdan Paczynski who suggested a method to observe dim astronomical objects,
using Einstein’s Theory of Relativity related to the warping of space around a dim object,
when viewing a distant star. Unfortunately, at that time Freeman did not have the funds to
finance such a project using this method.
In 1989 Freeman was approached by Charles Alcock and others at the Lawrence Livermore
National Laboratory in USA, to dedicate the Great Melbourne Telescope at Mt Stromlo to
such a project, and the MACHO collaboration was formed. A similar project, called EROS,
was commenced at the European Southern Observatory at La Silla, Chile. The reason for
using the southern sky for the projects was the position of the Large Magellanic Cloud with
its numerous stars.
By 1993 the MACHO collaboration had found their first candidate which justified the
continuance of the project. By 1995 more than 60 microlensing events had been recorded and
their light curves produced. The project continued until the year 2000 by which time 400
candidates had been observed by the several collaborations.
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A large number of 'dark matter' candidates were ruled out, when comparing the more
efficient observed rate with the model predictions. This comparison also appeared to have
detected a previously unknown component of the Galactic Magellanic Cloud system, that is,
binary microlensing events. Surprisingly, the estimated number of binary lenses was 6% of
all the events. A very few were classified as caustic crossings, but such events needed many
years of observation to confirm their existence.
Further studies of MACHOS were carried out by the SuperMacho project operating from
South Africa and Chile. The microlensing events in the LMC represented a large amount of
hidden mass, if the lenses were within our Galaxy’s dark halos. It was hoped the survey
would rule out other possibilities to explain these events. The SuperMacho project is still
ongoing with the final observations made in 2005 and the final results still being analysed.
A very interesting recent development occurred in 2007 when Massey et al., in 2007 using
the Hubble Space Telescope (HST) Cosmic Evolution Survey (COSMOS) produced maps of
'dark matter' in a 1.637 square degrees of the sky based on the distortion by gravity of half a
million galaxies to produce a three dimensional

reconstruction of the 'dark matter'

distribution.

Figure 145: Massey el al., three-dimensional reconstruction of 'dark matter'
distribution (after Massey et al.,2007:288)
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Massey et al., concluded that it showed a gravitationally-induced structure formation by 'dark
matter', which collapsed into filaments and eventually into clusters, accumulated gas and then
into stars. But again, there is no suggestion as to what 'dark matter' was.
However if the Massey maps were correct, and there was no reason to believe they were not,
they confirmed that not all 'dark matter' was spread evenly through the galaxy, but some was
in “blobs”. Are these ‘blobs’ related to E.E. Barnard’s dark patches? These “blobs” may
affect the proper motion of nearby bodies and the effect may be detectable some time in the
future, allowing the mass of the “blobs” to be determined. The population of the blobs may
also be determined, adding to the estimate of the total mass of 'dark matter' in its various
forms (See Fabian et al., 1987). Currently, it is considered that the distribution is 4% baryonic
matter, 23% cold dark matter plus 73% dark energy.
Dark energy is a proposed mechanism to explain the apparent acceleration in the expansion
of the Universe, which has been deduced from the observations of supernovae in distant
galaxies. Extremely small variations found in the cosmic microwave background radiation
suggested that the Universe was flat, that is, it has critical density. This would require
approximately 70% of the total mass and energy in the Universe to be in the form of dark
energy. However, the nature of dark energy remains unknown (Ridpath 2004).
Information on the nature of 'dark matter' has come from the particle physics research
using larger and larger particle accelerators, which have been and are being built to look for
the elusive supersymmetric particles predicted by theory. All hopes laid with the latest
massive Large Hadron Collider (LHC), a 27 -km ring a hundred metres underground, for the
answer.
In July 2012 evidence for the existence of this particle (Higgs boson) was identified, first
predicted in 1964 by Peter Higgs. This is yet to be confirmed. Also there now a suggestion
that ‘dark matter’ is dense cold molecular hydrogen.
After all this research, only a very small percentage of 'dark matter', in the form of nonluminous bodies, has been identified with a high degree of confidence.

_____________________________________
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CHAPTER 10 GLOSSARY of TECHNICAL TERMS
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10.

GLOSSARY of TECHNICAL TERMS

Absolute magnitude (M): The brightness that a star would have if it were at a distance of 10
parsecs in perfectly clear space without interstellar absorption (Ridpath, 2004).
Adiabatic Process: a change or process in which no heat enters or leaves a system, such as
an expanding or contracting gas cloud, and is usually accompanied by a rise or fall in the
temperature of the system.
Apparent magnitude (m): The brightness of a celestial object as measured by the observer
(Ridpath, 2004)
Astrophotometer: An apparatus to compare the quantitative brightness of stars, described by
John Michell in 1784 but never built.
Axions: A hypothetical particle originally suggested to avoid large constant parity violation
in strong interactions (Blumental, et al.,1984:517).
Baryon: Any member of a class of subatomic particles that include protons and neutrons, as
well as numerous others such as ‘sigma-plus’ and ‘omega minus’ particles. They are a
composite particle made up from three quarks (Ridpath, 2004).
Cassegrain telescope: A reflecting telescope in which a convex secondary mirror reflects
light to a focus through a hole in the primary mirror (Ridpath, 2004).
Caustic: The envelope of light rays reflected or refracted by a curved surface or object, or the
projection of that envelope of rays on another surface.
Caustic Crossing: Occurs in gravitational lensing when the lens passes in front of the source
object in binary systems. Caustic-crossing binary events can permit the measuring of the
limb-darkening profile of the source star.
Cepheid variable: One of an important group of yellow giant or supergiant pulsating
variables named after the prototype Delta Cephei. Their period was used by H.S. Leavitt to
determine their absolute magnitude, leading to the determination of their distance
(Ridpath, 2004).
CfA: Abbreviation for Harvard-Smithsonian Centre for Astrophysics.
Cold Dark Matter (CDM): A particular type of non-baryonic matter created in the early
stages of the ‘Big Bang’ and survives to the present day in sufficient numbers to contribute
significantly to the present density of the Universe.
Compton Effect: The change in wavelength and direction of an X-ray or gamma-ray photon
when it collides with a particle, usually an electron; also known as Compton scattering
(Ridpath, 2004).
Correlation Function: A mathematical function used in the statistical description of galaxy
clustering. It measures the excess probability of finding a galaxy at a given distance from a
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particular galaxy, compared with what one would expect if galaxies were distributed
randomly throughout space (Ridpath, 2004).
Cosmic Energy Equation: In cosmology the equation of state of a perfect fluid is
characterized by a dimensionless number  , equal to the ratio of its pressure p to its energy
density.
Dark Energy: Hypothetical form of energy that permeates all of space and tends to increase
the rate of expansion of the universe (Wikipedia Encyclopaedia).
Deconvolution: Algorithm-based computational process used to correct the effects on
recorded data due to blurring effect of an instrument or the atmosphere.
Deuterium: An isotope of hydrogen, the nucleus of which is composed of one proton and
one neutron.
Dipole Anisotropy: A form of anisotropy due to the difference in the frequency of
radiation from opposite directions caused by the motion of the observer relative to the
source. As a result of that motion, one end of the 360-degree spectrum is redshifted,
whereas the other end is blueshifted. The effect is notable in measurements of the cosmic
microwave background radiation, due to the motion of the earth
(Wikipedia Encyclopaedia).
DOPHOT Reduction: Dophot is a program used in photometry which uses a purely
analytical function (a polynomial approximation to a 2-D Gaussian) to represent the stellar
profile. The profile is represented by four parameters unique to each object (X, Y, Sky,
Peak Flux) and three ‘shape’ parameters (  x ,  y , ). Dophot classifies objects based on
how

well

they

fit

to

the

stellar

profile

(http://www.cfht.hawaii.edu/Instruments/Elixir.Old/photometry.html/).
E Mode and B Mode: Two types of polarization of cosmic microwave background. The E
mode arises from scattering in a plasma and has a temperature of a few mK. The B mode is
much weaker (less than a micro-Kelvin), arises from gravitational waves, and has not yet
been measured.
Envelope: A cloud of gas and dust surrounding a star or other astronomical object.
An 'upper' envelope would refer to the crown or top region of the envelope (Ridpath 2004)
Exponential Component: Of Spiral and S0 galaxies is the flat disk formed by matter which
had remained gaseous during the rapid collapse phase and remains

approximately in

centrifugal equilibrium (Ridpath, 2004).
Exponential Scale Height: The vertical distance by which the pressure falls by a factor of e
i.e. 2.718 (Ridpath, 2004).
Fermions: A type of elementary particle such as an electron, neutron, or proton having a
spin of 1/2 (Ridpath, 2004).
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FWHM: A full width at half maximum is an expression of the extent of a function, given
by the difference between the two extreme values of an independent variable at which the
dependent variable is equal to half of its maximum value ( Wikipedia Encyclopaedia).
Galaxy: System of stars, often with interstellar gas and dust, bound together by gravity
around a central hub (Ridpath, 2004).
cD galaxy: A supergiant elliptical galaxy found at the centre of some rich clusters of
galaxies (Ridpath, 2004).
Spiral galaxies: Classified by Hubble as Sa, Sb, Sc depending on the winding of their
spiral arms around the central hub.
Sa galaxies has a large central hub with tightly coiled arms. The bulge is smaller in Sb and
the arms are coiled more loosely. Sc has a small bulge and the spiral arms attached to a
central bar.
Barred Spiral galaxies: SBa, SBb, SBc based on the same type of classification as spiral.
Elliptical galaxies: A type of galaxy with smooth, featureless circular or elliptical
appearance with no spiral arms. Classified by Hubble on shape from round to flat from
circular (E0) to highly elliptical (E7) (Kaufmann and Freedman, 1999).
SO galaxy (Lenticular Galaxy): A definite disk of stars and central bulge but showing no
sign of spiral arms and little or no interstellar material. The name comes from the lens-like
appearance when viewed edge-on (Ridpath, 2004).
Gaussian Analysis: A method for calculating the orbit of a body from three observations.
(Ridpath, 2004)
Geodesic: A path of minimum length between two points (Ridpath, 2004).
gm = grams
Gravitational Lens: Formed when light from a very distant bright source such as a quasar
is "bent around a massive object between the source object and the observer. The process is
called gravitational lensing and is one of the predictions of Einstein's general theory of
relativity. (http://en.wikipedia.org/wiki/Gravitational_lens
HADS: High-Amplitude Delta Scuti stars (dwarf Cepheids)
Hawking Radiation: The emission of particles by a black hole (Ridpath 2004).
Holmberg Radius: A measure of the size of a galaxy, based on its observed surface
brightness. It is the radius at which the surface brightness is 26.5 magnitudes per square arc
second in blue light, and represents about 1-2% of the brightness of the night sky
(Ridpath, 2004).
Hubble Flow: The general outward motion of galaxies resulting from the uniform
expansion of the Universe (Ridpath, 2004).
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Hubble Time: The time required for the Universe to expand to its present size assuming a
constant rate of expansion (Ridpath, 2004).
Impact Parameter: The perpendicular distance between the velocity vector of a projectile
and the centre of the object it is approaching (Wikipedia Encyclopaedia).
Isophote: A line joining points with the same surface brightness on a diagram or an image of
a celestial object such as a galaxy or nebula (Ridpath, 2004).
Isothermal Process: A change or process that occurs at a constant temperature. An
Isothermal region is one of constant temperature (Ridpath, 2004).
Jeans Length: The minimum size of a cloud of gas, of a given temperature and density,
which is capable of collapsing under its own gravity. It is proportional to the square root of
the temperature and inversely proportional to the square root of the density (Ridpath, 2004).
Johnson V and R: Refers to photometry based on the work of American astronomer Harold
Lester Johnson (1921-80). It falls into three natural parts UBV, RI, and infrared photometry
(Ridpath, 2004).
Kinetic Energy: The energy possessed by a body by virtue of its motion in space and is
equal to the work done if the moving body is brought to rest (Ridpath, 2004).
Lookback Time: The time taken for light from a distant object to reach the Earth. Lookback
time to very distant galaxies may be of the same order as Hubble time, but if this time is
greater than the age of the Universe they can never be observed (Ridpath, 2004).
Non-baryonic matter: A hypothetical form of matter not containing baryons that is, without
protons or neutrons (Ridpath, 2004).
Optical Depth: (symbol  ) A measure of how far light will travel through a partially
transparent medium, such as the atmosphere of a star or a planet, before it is absorbed or
scattered (Ridpath, 2004)
Parallax: (symbol  ) The angular difference between the object's direction as seen from two
points of observation, such as the opposite sides of the Earth's orbit (Ridpath, 2004).
Particle Horizon: The maximum distance from which particles could have travelled to the
observer in the age of the Universe. It represents the portion of the Universe, which we
could have conceivably observed at the present day (Wikipedia Encyclopaedia).
Perturbation: A change in the orbit of a body, usually due to the gravitational attraction of
another body (Ridpath, 2004).
Photographic Magnitude: The brightness of a star measured with a blue-sensitive
(orthochromatic) photographic plate (now obsolete) (Ridpath, 2004).
Photon: A particle of electromagnetic radiation. A photon has zero rest mass, zero charge,
and travels at the speed of light (Ridpath, 2004).
Photinos: A hypothetical fundamental particle in Supersymmetry that is related to the photon
(Ridpath, 2004).
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Poisson’s Equation: A partial differential equation with broad utility in electrostatics,
mechanical engineering and theoretical physics and is:

  f
where  is the Laplace operator, f and  are real or complex-valued functions on a
manifold. The Laplace operator denoted by  is a differential operator and in physics is
used in modelling of wave propagation and heat flow (Wikipedia Encyclopaedia).
Potential Energy: The energy possessed by a body by virtue of its position or state
(Reader Digest Word Power Dictionary 2001).
Power Spectrum: The plot of the way in which the intensity of the frequency
components of a single function varies with frequency (Ridpath, 2004).
Raman Effect: The scattering of a photon by an atom or molecule that is accompanied by an
excitation (or de-excitation) of an atom or molecule, and hence a change in the wavelength
of the photon (Ridpath, 2004).
Recombination: The process by which an electron combines with a positive ion forming a
neutral atom, usually in an excited state. It then emits energy in the form of a photon
(Ridpath, 2004).
Space-time: A four dimensional description of the Universe in which the position of an
object is specified of three coordinates in space and one in time. (Ridpath, 2004)
Speculum metal: An alloy of tin and copper used for telescope mirrors until the late 19th
century. Its reflectivity is only approximately 66% and must be continuously repolished
(Ridpath, 2004).
Spheroidal Component: Of Spiral and S0 galaxies is that part shaped like an ellipse
rotated about its major or minor axis (Ridpath, 2004).
String (Cosmic): Hypothetical one-dimensional (line-like) defect in the structure of
space-time produced in some models of the early Universe (Ridpath, 2004).
Supersymmetric Particle: In particle physics, Supersymmetry is a symmetry that relates
elementary particles of one spin to another particle that differs by half a unit of spin and is
known as superpartners. In a supersymmetric theory, for every type of boson there exists a
corresponding type of fermion, and visa versa. One of the supersymmetric particles, the
neutralino, may make up the missing 'dark matter' in the Universe
(Wikipedia Encyclopaedia).
Swing Amplifier Theory: A strong cooperative effect in galaxies that inhibits inter-arm
travel and encourages gravitational bunching as long as the wave pattern in any given
vicinity remains loose enough to continue to shear rapidly. Used by Toomre to determine
the wave mechanics of disk galaxies on a small scale movement of particles
(Toomre, 1981).
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Tully-Fisher Relation: An observed correlation between the width of the 21-cm hydrogen
line from spiral galaxies caused by their rotation, and their absolute magnitude
(Ridpath, 2004).
Virial Theorem: A way of estimating the total mass of an object such as a galaxy or a cluster
of galaxies from the movement of its individual members. The theorem states that the
average gravitational potential energy of the constituent objects is twice their average
kinetic energy (Ridpath, 2004).
Vlasov Equation: Is a system of non-linear integro-differential equations describing
dynamics of plasma consisting of particles with long-range interaction
(Wikipedia Encyclopaedia).
z: The symbol for redshift.
_____________________________________________________
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MACHO/GMAN: MACHO using GMAN menu-driven preprocessor.
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MOA: Microlensing Observations in Astrophysics, Japan/New Zealand.
6Fun (microFUN): informal consortium of astronomers led by Andrew Gould
(Professor Astronomy, Ohio State University)
MPS: Max Planck Institute for Solar System Research.
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Planet: Probing Lensing Anomalies NET work.
POINT-AGAPE: Allocation and Group-Aware Pervasive Environment.
ROSAT: Roentgen SATellite.
RAVE: Radial Velocity Experiment.
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ZEPLIN 1: UK Dark Matter Collaboration.
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