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1 Introduction

1.1 The Dark Matter Problem

For over 50 years one of the outstanding problems in astrophysics has been
the dark matter problem (formerly known as the missing mass problem). It ap-
pears that most of the mass in the universe is in a form which is so far undetected
except through its gravitational influence. The first hint of this astonishing discov-
ery came in 1933, when Zwicky (1933) studied the dynamics of the Coma cluster
of galaxies and found that the apparently visible mass failed to provide the grav-
itational potential needed to explain the velocity dispersion of the galaxies in the
cluster by a large factor. This 'virial discrepancy’ has since been reduced but is
still significant (Kent and Gunn 1982). Meanwhile, similar discrepancies between
the visible (and inferred) mass and the dynamics have cropped up on every scale
from the solar neighbourhood to the Hubble flow (Faber and Gallagher 1979).

In retrospect the existence of dark matter should not be so surprising. All
the forms of matter astronomers are familiar with are luminous at least to some
extent, because it is by their light that astronomical objects are detected. It is
true that interstellar dust was first detected in absorption in the visible rather
than by its infrared emission, but by and large astronomers have studied luminous
matter simply because of the observational selection effect to end all such effects:
observability, at whatever flux level in whichever waveband. We now realize that
nature has no need to produce only luminous matter, and indeed there isno a
priori reason why there should not be as many different kinds of dark matter as
there are luminous matter. For this reason I do not feel that the ’Occam s razor’
argument in favour of trying to explain all dark matter problems by a single ‘dark
matter candidate’ holds much weight.

We can now identify 4 different dark matter problems: The local or ‘Oort

limit' matter; the dark matter in galactic halos; the dark matter on scales of

1




clusters, which seems to make up one tenth of the closure density; and the aesthetic
dark matter, required to make the universe exactly flat, for which there is little
observational evidence as yet.

What observational evidence there is for dark matter is all of the samé basic
form. In principle dark matter (mass-energy not emitting electromagnetic radia-
tion) might interact with the universe in a number of ways that we might detect,
for instance by the emission of neutrinos, or it may be completely inert. All matter
must, however, be detectable by its gravitation. Gravitation causes test particles
to fall towards matter of mass M which is a distance R away at a speed V which

depends on the initial conditions but in general is of an order given by
M =V3R/G (1.1.1)

. where G is the Newtonian gravitational constant. The equation is exact for a test
particle in circular orbit around a central Newtonian mass, but all other methods
of measuring mass basically boil down to (1.1.1) with appropriate generalizations
of V and R. For a cluster of stars or galaxies the individual gravitating objects are
also the test particles, and the virial theorem is used with the adoption of appro-
priately weighted mean cluster radius and velocity dispersion (Heisler, Tremaine
and Baheall 1985). For the disk of a galaxy the mass interior to radius R may be
measured by the velocity of gas orbiting at that radius; the gas atoms are treated
as test particles. If the potential is not spherical, the formula is only true exactly
in the large R limit, and the exact formula for a finite disk has been derived by
Lynden-Bell and Pineault (1978).

The evidence for the local dark matter problem comes from estimates of the
acceleration of stars in the direction perpendicular to the galactic disk. This is
referred to as ‘Oort’s limit’ on the loca] dark matter, after the paper (Oort 1960) in
which he claimed evidence of a large mass density by analysing the ‘K’ (vertical

force) law for a sample of stars. The ‘K ¢’ formalism gives an estimator of R in
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(L.1.1) as

R=—-———=-—(nV? (1.1.2)

where V in this case is the vertical velocity dispersion and n is the number density
of the stellar population being used as a mass tracer. Early attempts to measure
the galaxy’s local gravitational field in this way ran into many problems, and
if some of the data were interpreted by simple models a negative mass density
could be derived for part of the disk! (See Radford’s (1976) discussion of his
analysis of Upgren’s data using Oort’s method, and alternative methods which
give a physically reasonable answer. ) However when care is taken to select
uniform samples of test stars, and to treat the stellar hydrodynamics in a self-
consistent manner, it appears that the measured value of the local mass density
(Bahcall 1984) is twice that estimated from adding up the locally observed stars
and gas. The mass density is about 0.1Mgpc~3. For some time it was thought
that very faint main sequence stars might make up the difference, but the work of
Reid and Gilmore (1982,1984) constraining the low mass end of the main sequence
excludes this possibility (but see Hawkins (1986)). It remains possible that there is
a further peak in the stellar initial mass function at low initial masses, but despite
the discovery of the brown dwarf candidate VB8B (McCarthy et al 1985) searches
for such ‘Brown dwarfs’ have yielded little evidence for such objects (Probst 1983,
Tyson et al 1985, Gilmore and Hewett 1983). Hegyi and Olive (1983) show that
low mass stars cannot make up the local dark matter if their IMF is a simple
power law extending up to normal masses. Hegyi (1981) and Boughn, Saulson
and Seldner (1981) set limits on the number of low mass stars in the halo of
NGC 4565 by photometric observations in the near infrared. Low mass stars
and ‘Jupiters’ cannot be excluded if their initial mass function is independent of
the IMF of luminous stars. In some galaxies dark matter may be produced by
formation of low mass stars in cooling flows (Fabian, Arnaud and Thomas 1985).

Larson (1985) proposes a bimodal star formation model in which there would be
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