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It is a prime goal of cosmology to un
derstand how the Universe has evolved 
from an initial dense fireball about 1010 
years ago to its present state, where 
galaxies, grouped into clusters, domi
nate the large-scale cosmic scene.

An impediment to understanding ga
laxies and their spatial distribution is 
that the stars and gas we observe may 
be little more than a tracer for the mate
rial that is dynamically dominant. The 
evidence for 'dark matter' dates back 
more than fifty years, to the time when 
Fritz Zwicky realised that the aggregate 
mass of the observed galaxies in the 
Coma cluster was inadequate, by a wide 
margin, to prevent the system from fly
ing apart. The case is now quite compell
ing (for a recent review 1), see the pro
ceedings of IAU Symposium 117); what 
the dark matter consists of is, however, 
still a mystery.

The masses inferred from relative mo
tions of galaxies in apparently-bound 
groups and clusters exceed by a factor 
about 10 those inferred from the internal 
dynamics of the luminous parts of ga
laxies. This apparent discrepancy could 
be resolved if galaxies were embedded 
in extensive dark 'halos'. This hypothesis 
can be checked in some edge-on disc 
galaxies, where emission from gas can 
be observed at radii far exceeding the ex
tent of the conspicuous stellar disc. The 
mass of this gas is itself negligible, but 
rotation velocities derived from its spec
tral lines do not fall off as r-1/2, as would 
be expected if the gas were orbiting a

mass distribution concentrated at much 
smaller radii. Instead, the velocity re
mains almost constant, implying that 
M(< r)  r, out to ≈ 80 kpc in some 
cases (see Fig. 1).

Estimates of the masses of galaxy 
clusters come from the virial theorem : 
the gravitational binding energy must be 
half the internal kinetic energy if they are 
to be in equilibrium. This method is now 
complemented by X-ray studies of ther
mal emission from hot gas in clusters, 
which probe the depth of the gravita
tional potential well. In well-studied 
clusters which appear to have reached 
virial equilibrium, the mass-to-light ratio 
M/L is typically 200 solar units. The dark 
matter must mainly be in some un
known form — neither ordinary stars 
nor the gas that emits X-rays suffices. 
The data are summarised in Fig. 2.

All things considered, the existence of 
dark matter is quite unsurprising — 
there are all too many forms it could take, 
and the aim of observers and theorists 
must be to narrow down the options.

The present Hubble timescale tH is 
still uncertain, so in quoting numerical 
values I shall follow a widespread con
vention and introduce a useful quantity 
h = (3 x 1017 s/tH). The experts advo
cate values of h in the range 0.5-1. I 
shall also refer to average densities of 
matter in terms of Ω, fractions of the cri
tical density ρcrit (kg/m3) = (8πGt²H/3)-1 
above which the Universe would just 
close. This density were it all in baryonic 
form would correspond to a particle den

sity of 11 h2/m3 so the real average den
sity nb becomes nb = 11 Ωbh2/m3. An 
important number which is perhaps of 
fundamental significance is the ratio of 
the baryon density to the density nγ of 
photons in the microwave background, 
apparently a black body with T ≈ 2.7 K. 
This is then 3 x 10-8 (Ωbh2); it is a num
ber that grand unified theories (GUTs) 
must attempt to explain in terms of an in
herent favouritism of matter over anti
matter at the ultra-early epoch when 
symmetry-breaking occurred.

A direct lower limit on Ωb of order 10-2 
can be set from the observed mean den
sity of baryons in conspicuously 'lumi
nous' form (visible stars and gas in ga
laxies, and intergalactic gas revealed by 
its X-ray emission), implying a baryon- 
photon ratio of not less than 3 x 10-10h2.

The inferred dark matter in the halos 
of individual galaxies and in clusters of 
galaxies apparently contributes a frac
tion Ω = 0.1-0.2 of the critical cosmo
logical density. Its smoother and less 
clumped distribution suggests that it 
underwent less dissipation during the 
processes of galaxy formation than the 
luminous stars and gas.

Three strands of evidence could even
tually pin down what the dark matter in 
halos and clusters of galaxies really is.

(i) Particle physics. When our theories 
of high-energy physics become less 
speculative, and we can calculate how 
many particles of each species (with 
known mass) should have survived as 
relics of the big bang.

Fig. 1 — The Andromeda Galaxy M31 is shown with, superimposed on it, the rotation velocity of neutral hydrogen, inferred from 21 cm line 
radio studies. The rotation curve remains 'flat' even beyond the optical outer limits of the galaxy, implying that the outlying gas is 'feeling' the 
gravitational field of dark matter around the galaxy. (Courtesy of Morton Roberts.)
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Fig. 2 — The ratio 
of dark to luminous 
matter (plotted as a 
log to base 10) is 
about 10: 1 on 
scales larger than 
individual galaxies. 
The luminous mat
ter is baryonic, but 
the dark matter 
need not be (from 
Ref. 2).

(ii) Cosmogonic models. Evidence on 
the clustering scales of galaxies, the 
density profiles in halos, etc. can be 
compared with the outcome of simula
tions of gravitational aggregation to see 
e.g. if the dark matter is 'cold' or not.

(iii) Direct detection. The individual 
entities that our galactic halo is compo
sed of may reveal themselves by astro
nomical observations, or by direct Earth- 
based experiments.

Baryonic Dark Matter
The baryons observed in galaxies and 

gas, contributing Qb ≈ 0.01, could in 
principle be dynamically a quite unim
portant fraction of all baryons in the 
Universe. Most of the initial baryons 
might have condensed into a population 
of stars that were either pregalactic, or 
else formed during the initial collapse 
phase of protogalaxies: could these 
stars or their remnants, contribute to the 
unseen mass? Ideally one would like to 
be able to calculate what happened 
when the first gravitationally bound 
clouds condensed from primordial mate
rial — to decide whether they form one 
(or a few) very massive objects (VMOs), 
or whether fragmentation proceeds effi
ciently down to low-mass stars. Our 
poor understanding of what determines 
the characteristic masses of stars form
ing now (in, for instance, the Orion ne
bula) gives us little confidence that we 
can calculate the nature of stars born in 
an environment very different from our 
present-day galaxy.

Fig. 3 shows various constraints on 
the fraction Ω* of the critical cosmologi
cal density that can be contributed by 
first-generation stars (or their remnants) 
in different mass ranges. There are 
dynamical constraints on the number of 
> 106 M0black holes in galactic halos, 
because such massive bodies would 
have sedimented inwards via dynamical 
drag on the ordinary stars. The require
ments not to overproduce heavy ele
ments constrains the number of rem
nants of ordinary heavy stars which end 
their lives by exploding as supernovae. 
Stars in the mass range 0.1 -1 M0 would

still be shining after ≈ 1010 a, producing 
too much background light. The only 
possible baryonic options for dark mat
ter are therefore either 'Jupiters' of 
below 0.1 M0, or the remnants of very 
massive objects (VMOs) in the mass 
range from a few hundred to 106 M0, 
which could have formed at an early 
time. (These latter objects do not 
necessarily eject any material processed 
beyond helium, and leave black hole 
remnants.)

One way of discriminating between 
the 'Jupiter' and 'VMO' options is by 
searching for evidence of gravitational 
lensing, which occurs whenever a com
pact mass lies very close to the line of 
sight to a background source. There is, 
perhaps surprisingly, much more chance 
of detecting lensing due to objects in the 
halos of galaxies (or in clusters) half-way 
out to the Hubble radius than of seeing a 
similar effect in our own Galactic Halo. 
The probability that a compact source 
(e.g. a distant quasar) is sufficiently clo
sely lined up with an object along the 
line of sight for lensing to occur is of 
order Ωlens, independent of the indivi
dual lens mass involved.

The angular scale, θI, of the lens 
image is, however, a diagnostic of the 
mass and for MI > 105 M0, very long 
baseline radio interferometers provide 
adequate resolution. Results to date 
suggest that we can probably exclude a 
major contribution to Ω from 106 M0ob- 
jects. For M < 0.1 M0('Jupiters') θI is less 
than (10-6)". This cannot be directly 
resolved by any present day technique,

Fig. 3 — This dia
gram, adapted and 
simplified from Ref. 
3, shows some con
straints on the frac
tion Ω of the cos
mological critical 
density that can be 
contributed by stars 
or stellar remnants 
in various mass 
ranges.

and will have to await the deployment 
of adequate optical interferometers in 
space. There is nevertheless a genuine 
prospect of detecting lensing of this kind 
through their transverse motion.

Constraints on Ωb from Primordial Nu
cleosynthesis

If we accept the concept of light ele
ment synthesis in the big bang (occur
ring when kT is in the range 0.1-1 MeV) 
then an important constraint on the total 
baryonic density Ωb comes from deute
rium; this is an intermediate product in 
helium synthesis, the amount that sur
vives being a steeply decreasing func
tion of Ωb. Only if Ωbh2 ≤ 0.04 can 
enough deuterium be produced in a 
standard hot big bang to provide the 
observed abundance.

Because the relevant parameter in 
primordial nucleosynthesis is nb/nγ ~ 
Ωbh2, more precise comparisons of 
models with observations must await a 
firmer value of the Hubble constant. If h 
= 1 (corresponding to a Hubble time of 
1010 years) then the simplest inference 
would be that most of the dynamically 
detected dark matter — both in the 
halos of individual galaxies and in 
clusters and groups — was non- 
baryonic; but if h = 0.5 (corresponding 
to a Hubble time of 2 x 1010 years), 
some dark matter — maybe that in 
halos, if not in intergalactic space — 
could be baryonic, although only enough 
to contribute Ωb ≈ 0.1. The strength of 
this limit (which of course precludes Ωb 
= 1 for any reasonable Hubble cons
tant) depends on how compelling the 
case for 'standard' big bang nucleosyn
thesis actually is.

Non-baryonic Dark Matter
If neutrinos have negligible rest mass, 

the present density that is expected 
for relic neutrinos from the big bang is 
nv = 1.1 x 108/m3 for each two-compo
nent species, comparable with the pho
ton density. This conclusion holds for 
non-zero masses, provided that mvc2 is 
far below the thermal energy (5 MeV) at
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which neutrinos decoupled from other 
species and that the neutrinos are stable 
for the Hubble time. Comparisons with 
the baryon density shows that neutrinos 
outnumber baryons by such a big factor 
that they can be dynamically dominant 
over baryons even if their masses are 
only a few electron volts. In fact, a single 
species of neutrino would yield a con
tribution to Ω of Ωv = 0.01 h-3(mv)eV; so 
if h = 0.5, only 25 eV is sufficient to pro
vide the critical density.

More than 15 years ago, it was conjec
tured that neutrinos could provide the 
'unseen' mass in galactic halos and 
clusters. At that time the suggestion 
was not followed up very extensively; 
but in the 1980s physicists became 
more open-minded about the possibility 
of non-zero neutrino masses. A change 
of theoretical attitude, coupled with ex
perimental claims that mve ≈ 36 eV sti
mulated astrophysicists to explore sce
narios for galaxy formation in which 
neutrino clustering and diffusion play a 
key role. More recently, other kinds of 
non-baryonic matter, such as supersym
metric particles and axions, have also 
been considered.

Neutrinos have an 'edge' over other 
non-baryonic candidates in that they are 
at least known to exist. New evidence 
on neutrino masses comes from analy
sis of the burst from the recent super
nova 1987A in the Magellanic Clouds. In 
traversing the distance of 150,000 light 
years from the supernova, a neutrino of 
rest mass mev and energy E would be 
delayed, in comparison with a zero rest 
mass particle, by 0.025 mev2 (10 MeV/E)2. 
The sharpness of the measured burst 
implies an upper limit of 10-20 eV on 
the mass of the electron neutrino. Some 
authors have suggested that the data of
fer positive evidence for a mass around 
4 eV, but such claims are controversial 
because we do not know the precise 
time-structure of the catastrophic stellar 
implosion that triggered the outburst.
Experimental Detection of WIMPs

Non-baryonic matter, if dynamically 
dominant, has an important influence on 
the cosmogonic process. In so far as we 
come to understand galaxy formation, 
we may therefore acquire circumstantial 
evidence about whether such matter 
exists and what form it might take. How
ever, it turns out that one may be able to 
detect such particles (even in the labora
tory) if they constitute the mass of our 
own galactic halo.

Weakly interacting massive (> 1 GeV) 
particles (WIMPS) would have cross- 
sections of order 10-36 cm2 for interac
tions with nucleons. Such particles, 
scattering elastically off nucleons in the

Sun, would lose energy via the recoil, 
and could thereby become trapped. Des
pite being vastly outnumbered by ordi
nary nuclei, they could then contribute 
to energy transport in the solar core, 
because their mean free path is so long ; 
the central temperature would then be 
slightly lower, with consequent obser
vational consequences such as an alte
ration in the frequency of some modes 
of solar oscillation, and a reduction in the 
8B neutrino flux. The WIMP hypothesis 
could conceivably, therefore, account 
simultaneously for two enigmas — the 
halo dark matter, and the anomalously 
low solar neutrino output.

If our galactic halo were indeed com
prised of WIMPS, then their density near 
the Earth would be ≈ 105(mGeV)-1 m-3, 
and their typical velocities ≈ 300 km/s. 
There is a genuine prospect of detecting 
this background in the laboratory 4). 
Whenever one of these particles collided 
with a nucleus, there would be a recoil, 
with associated energy in the keV range. 
This energy deposition could be detec
ted if it occurred in a very cold solid with 
low heat capacity ~ T3). The detection 
could be achieved by maintaining an ar
ray of superconducting grains just below 
the transition temperature: the heat 
would then raise the temperature of one 
grain above the critical value, thereby 
allowing magnetic flux to penetrate. 
Alternatively, the photons could be de
tected before thermalisation, or the ther
mal pulse could be detected directly.

If the dark matter were in so-called 'in
visible axions', there would be a chance 
of detecting these also via conversion 
into photons on interaction with matter 
or strong magnetic fields. The prospects 
here are perhaps rather less promising, 
because the photons would be in a nar
row energy band, depending on the 
poorly known axion mass, so a broad 
range of photon energies (spanning the 
microwave, millimetre and infrared 
bands) would need to be searched 4).

Ingenious schemes for detecting a 
halo population of exotic particles seem 
among the most worthwhile and exci
ting high-risk experiments in physics or 
astrophysics — potentially as important 
as those that led to the discovery of the 
cosmic microwave background in the 
1960s. A null result would surprise no
body; on the other hand, such experi
ments could reveal new supersymmetric 
particles (or axions, as the case may be), 
as well as determining what 90 per cent 
of our Universe consists of. (Because 
the detection is sensitive to velocity, 
they would even reveal the halo's veloci
ty dispersion and rotation. The mean 
velocity of halo particles relative to the

detector would have an annual variation, 
because of the Earth's motion around 
the Sun. Such an annual modulation, 
with an amplitude of a few per cent and 
a peak in June, would be an unambi
guous signature discriminating against 
spurious background.)

If the baryon-photon ratio could be 
calculated in terms of a GUT this would 
determine Ωb. If Ωb ≠ 1, then a strictly 
flat Universe would require some non- 
baryonic contribution. Of course, one 
may eventually have theoretical know
ledge of the rest masses of all other rele
vant particles; such information, in con
junction with knowledge of nb/nγ, would 
determine their contribution to £2 also. 
Looked at from this point of view, it 
perhaps seems coincidental that non- 
baryonic matter should dominate, but 
only by an order of magnitude rather 
than a vastly larger factor.

A Flat (Ω = 1) Universe?
In an influential review paper publish

ed in 1974 Gott et al. 5) summarized the 
evidence bearing on £2. They concluded 
that the dynamical evidence favoured a 
value 0.1-0.2, and noted that if the mat
ter were all baryonic, the lower end of 
this range was compatible with the 
value favoured by standard big bang 
nucleosynthesis (for a Hubble time tH = 
2 x 1010 a, a value consistent with the 
ages of globular clusters, etc.). Much 
new evidence has accumulated during 
the last decade, especially on cluster 
dynamics and element abundances; 
and some relevant theoretical issues 
have been refined and elaborated. But, if 
we were to update Gott et al.'s discus
sion, their net conclusion would not 
change much.

There has, however, been a marked 
change in theorists' attitudes. This is 
partly because non-baryonic matter is 
now taken much more seriously, and 
seems in some ways almost a natural 
expectation. But the main element in the 
discussion is the concept of an infla
tionary Universe (an early phase of ex
ponential growth): this is so appealing, 
and resolves some well-known and 
stubborn cosmological paradoxes in 
such a natural way, that it instils a strong 
prejudice in favour of Ω = 1.

Inferring Ω from the Cosmic Decelera
tion

In the simplest cosmological models 
Ω is directly proportional to the decele
ration of the cosmological expansion. 
Programmes attempting to measure this 
deceleration have been pursued 
throughout the past 25 years, but there 
is now not much optimism that they can
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succeed until we understand better how 
galaxies evolve.

There is a spread in the properties of 
galaxies, just as there is among indivi
dual stars. One needs, therefore, to find 
some class of galaxies which serve as 
'standard candles', so that their distance 
can be inferred from their apparent 
brightness. Otherwise there will be a big 
scatter in the magnitude-redshift plot. 
The brightest galaxies in clusters are the 
best candidates, but even they display a 
30 per cent scatter. Another problem is 
that galaxies become almost undetec- 
tably faint, even when observed with 
the largest telescopes, when they are far 
enough away that the effects of the 
deceleration should really show up.

But the worst problems stem from 
galactic evolution. The galaxies seen at 
large distances are systematically 
younger than nearby ones. Even if a cer
tain class of galaxy provided precise 
standard candles at the present, one 
needs to know how each candle chan
ges as it burns. The galaxies that are 
crucial for cosmological tests are those 
whose light has been journeying for at 
least 5 Ga towards us, which are there
fore being seen at only about half their 
present age.

There are two aspects to the evolu
tionary correction. In a younger elliptical 
galaxy many stars would be shining 
which by now have died, and the present 
stars would be seen at an earler stage in 
their evolution. This alters the bright
ness and the colour of the galaxy, the 
trend being that a younger galaxy would 
appear somewhat brighter than its pre
sent-day counterpart. But there is a se
condary evolutionary correction stem
ming from the fact that a galaxy is not a 
self-contained isolated system. We can 
see many instances where galaxies 
seem to be colliding and merging with 
each other; and in rich clusters the large 
central galaxies may be cannibalising 
their smaller neighbours. (In a few billion 
years this may, incidentally, happen in 
our own local group. The Andromeda 
galaxy is falling towards our own Milky 
Way, and there may be a collision bet
ween these two large disc galaxies, the 
likely remnant being a bloated amor
phous 'star pile' resembling an elliptical 
galaxy.) Many big galaxies, particularly 
those in the centres of clusters, may 
result from such mergers, traces of dis
turbance having by now been erased. 
This process would obviously result in 
big galaxies, having been, on average, 
fainter in the past. There are thus two 
evolutionary effects, both uncertain 
(and with opposite sign), either of which 
could be large enough to mask the geo

metrical difference between a Universe 
with Ω = 1 and one with Ω = 0.2.
'Biased' Galaxy Formation

The dynamical evidence from clusters 
and from galactic halos does not offer 
evidence for any value of Ω higher than 
≈ 0.2. If Ω is indeed unity, then 80 per 
cent of the mass is unaccounted for 
even by dynamical considerations : it is 
not just the light, but evidence for gravi
tating matter itself, which is 'missing'. 
This raises the interesting question 
of whether the dynamical evidence is 
nonetheless compatible with Ω = 1.

If Ω = 1, then the dominant mass 
must not participate fully in the observ
ed clustering: galaxies must be more 
'clumped' than mass in general, so that 
their spatial distribution enhances and 
exaggerates the inhomogeneity on large 
scales. This requires some-kind of 'bias' 
in the formation of galaxies 6). There are 
three ways this would come about:
(i) The entire Universe may be pervaded 
by a uniform component of 'missing 
mass' of a different nature from the 
clustered dark matter, contributing Ω ≈ 
0 . 8.

(ii) There may be one important kind of 
dark matter, but the baryonic compo
nent may be segregated from it on 
scales up to ~ 30h-1 Mpc, so that ga
laxy formation occurs only in certain 
regions. This could result from large- 
scale fluctuations in the initial baryon/ 
photon ratio, from gas dissipation within 
superclusters of collisionless dark mat
ter (eg. neutrinos), or from very energe
tic winds or blast waves pushing the gas 
over large distances.

(iii) Less extravagant in energy is the 
possibility that the large-scale baryon 
distribution does trace dark matter on all 
scales > 1 h-1 Mpc, but the efficiency 
with which baryons turn into luminous 
galaxies is modulated by large-scale en
vironmental effects.
Conclusions

At least 90 per cent of the mass of the 
Universe is 'unaccounted for'. It could in 
principle take many forms — from 10-5 
eV axions to 106Mo black holes — but 
there are fortunately real hopes of nar
rowing down the range of options. Tackl
ing this task, and the related question of 
whether the Universe has the 'critical' 
density indicated by some cosmological 
theories, will necessitate advances on a 
broad front — in experimental and 
theoretical physics, and in elucidating 
how galaxies form and evolve.
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