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The Universe as a fractal structure 
Successful simulations do not validate the theories from which they spring, but it is remarkable that a 
numerical simulation of galaxy formation seems to reproduce the observed fractal pattern on the sky. 
WHILE arguments persist about the mech
anism by which galaxies were formed in 
the early Universe, cosmologists cannot 
complain that the issue is at risk of being 
hijacked by people with quite different 
interests. Even so, on the face of things it 
is a considerable surprise that one of the 
neatest models yet of the process of galaxy 
formation should have come from two 
people, both Hungarian, who have used 
the techniques of calculating with cellular 
automata to produce a persuasive simula
tion of the distribution of galaxies seen on 
the surface of the sky. 

The essence of the problem, well
defined (notably by P.J.E. Peebles and his 
associates at Princeton) for at least a 
decade, is that while galaxies are on the 
average uniformly distributed through the 
volume of the Universe, the observed dis
tribution of both optically visible and 
radio-galaxies on the sky is not uniform, 
but patchy. The observations show that 
galaxies tend to be clumped which has 
naturally provoked all kinds of speculation 
about the mechanism of their formation. 

Does the dumpiness represent the dis
tribution of matter at some primaeval 
stage in the evolution ofthe Universe? Or 
have there been gravitational processes, 
Zeldovich's self-gravitating and fragment
ing pancakes perhaps, which account for 
the present dumpiness of observable 
matter? Ostriker and Cowie have even 
suggested (Astrophys. J. 243, 127; 1981) 
that the present distribution of galaxies 
is the relic of a dynamic process in which 
an outwards-propagating shock wave 
from an earlier generation of galaxies 
created galaxies at places of abnormally 
high density on the shock front. 

What needs to be explained is the pre
cise form of the correlation function, 
derived from the observations, represent
ing the known dumpiness. The empirical 
rule is that the chance of finding a second 
galaxy within some volume unit at a dis
tance s from a first is proportional to an 
inverse power of s. Qualitatively, this 
means simply that there is a greater 
chance that galaxies will be close together 
than far apart. Quantitatively, the value of 
the exponent in the inverse power-law 
comes out at 1.8. This is precisely the 
numerical value obtained by Tamas 
Vicsek and A.S.Szalay (Phys. Rev. Lett. 
58, 2828; 1987) with their model of the 
process of galaxy formation in which 
cellular automata simulate the outward 
spread of a shock-wave of the kind that is 

suggested by Ostriker and Cowie. 
Simple though this rule may seem, it has 

led directly to the recognition that the dis
tribution of galaxies in the Universe may 
have a fractal (or fractional dimensional) 
structure. For what the rule implies is that, 
on the average, the number of galaxies in 
some volume centred on a particular 
galaxy is proportional to the dimensions of 
the region raised to the power 1· 2 - the 
difference between the number of physi
cal dimensions. 3, and the exponent of the 
correlation function, 1·8. This is exactly 
the kind of rule that applies, for example, 
to the formation of aggregates of particles 
diffusing towards a central nucleation site, 
and where the total number of particles in 
an aggregate scales not with an integral 
power of the dimensions, but with a non
integral or fractal power thereof. 

By itself, of course, this argument does 
not say much about the way in which the 
observed large-scale structure of the 
Universe came to be, although Szalay and 
Vicsek cite their grounds for ruling out 
some processes for explaining the 
observed clumpy distribution of galaxies. 
For example, they say that self-gravitation 
is implausible because the galaxies now 
found in clumps should then. in general, 
be moving more quickly because of the 
conversion of potential to kinetic energy, 
which appears not to be the case. 

A more direct argument for believing 
that the Universe has a fractal structure, 
however, is that presented by Szalay and 
another associate, D.N. Schramm, who 
argued two years ago (Nature 314, 718; 
1985) that the distribution of galaxies is 
mirrored by that of galaxy clusters; it 
seems that clusters also tend to cluster, 
and with an empirical distribution with the 
same numerical exponent. A large part of 
the interest of these arguments is that. if 
the structure of the Universe is indeed 
fractal, no special explanation will be 
needed for the observation that large 
tracts of the Universe appear devoid of 
galaxies; they will be just statistical flukes 
made probable by the clumping tendency. 

So how to simulate this? Cellular auto
mata are a way of simulating the hydro
dynamics of a shock wave of the kind sug
gested by Ostriker and Cowie, for the time 
being intractable. The trick is to imagine 
that the Universe is represented by a cubic 
lattice. Each point of the lattice may be 
occupied or unoccupied by a galaxy and, 
in the simulation. a possible distribution 
of galaxies is obtained by supposing that 

successive layers of points arc added to 
small cubes centred on one corner of the 
whole structure. 

As in all cellular automata simulations, 
there must be a rule for telling how the 
properties of the latest layer added to the 
structure are determined by the properties 
of its predecessor. The rule actually used 
supposes that the question whether each 
point in a newly added layer will (or will 
not) be occupied by a galaxy is mostly 
determined by the occupancy of the five 
nearest neighbours in the previous layer, 
but for good measure. there is a random 
variable to introduce an element of white 
noise to the system. To make the process a 
little more interesting. the determination 
whether a new site is occupied depends on 
whether a number characteristic of that 
site, and calculated by simple arithmetic 
from the corresponding number for the 
five nearest neighbours in the precceding 
layer, exceeds an arbitrarily chosen 
number. 

The results are spectacularly successful. 
Most dramatically, the simulation does 
indeed yield a power-law relationship 
between the number of galaxies in a 
region around a central galaxy and the 
dimensions of that region. and with the 
expected exponent of 1.2. The simulation 
is almost exact over a 100-fold range of 
values of the length scale. breaking down 
only at the longest scales. 

Even more surprising is the discovery 
that. when the results of the simulations 
(projected on a two-dimensional 'sky') 
arc used to calculate the numbers of 
galaxies found in clusters of different 
sizes. the result is almost an inverse
square relationship (the exponent is 1.9. 
not 2.0) between the number of clusters of 
size s and the value of s. which is what 
seems to emerge from the real sky. 

Vicsek and Szalay properly acknow
ledge that their success does not validate 
the model of galaxy formation that has 
guided their simulation. Even so. it will 
surely stimulate cosmologists to know that 
the presence of a galaxy at one place may 
be simply determined by the presence or 
absence of galaxies in the neighbourhood. 
even if the details of the Ostriker and 
Cowie mechanism are wide of the mark. 
Meanwhile, it will not have escaped the 
attention of people working in quite 
different fields that the authors have 
provided a valuable illustration of the use
fulness of simulation by cellular automata. 
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