
by Marcia Bartusiak 

The availability of massive computing capacity, among other things, 
makes possible views of the universe's structure on the largest scale. 
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T h i r t y - o n e years ago Gerard de 
Vaucouleurs, while working at the 
M o u n t Stromlo Obse rva to ry in 

Australia to revise a reference catalog of 
bright galaxies, noticed that the earth's 
home galaxy, the Milky Way, seemed to 
be situated at the edge of a gigantic system 
of galaxies. The system was a flattened 
disk composed of mult iple clusters of 
galaxies stretching across both the northern 
and southern skies. The rich Virgo cluster, 
an assemblage of several hundred galaxies 
located some 50 million light-years from 
the Milky Way, serves as the system's 
centerpiece. 

This was not entirely unexpected. In 
the 1920s, Swedish astronomer Knut Lund-
mark, a m o n g o thers , had repor ted that 
bright spiral galaxies appeared "to crowd 
around a belt perpendicular to the Milky 
Way." But de Vaucouleurs was the first 
to venture that this grouping was a distinct 
object in the universe. He dubbed it the 
Local Superga laxy , and it revived the 
notion, first voiced in the 18th century, 
that the universe is filled with an ever-
increasing hierarchy of systems. 

De Vaucouleurs, now at the University 
of Texas at Austin, recalls that his paper 
"was received with resounding silence," 
even ridicule. Now, three decades later, 
de Vaucouleurs has been vindicated. Locat
ing and mapping superclusters has become 
a burgeoning new endeavor in astronomy. 
" Jus t as a g rowing child progress ively 
becomes aware of larger units of human 
organization—family, neighborhood, city, 
and so o n , " de Vaucouleurs has written, 
"as t ronomers have come in the past 400 
years to recognize the hierarchical arrange
ment of the heavens." 

Further, the searches have revealed a 
surprising texture to the universe. " O n a 
scale of a billion light-years, the universe 
is as s m o o t h as s i lk ," says as t ronomer 
Robert Ki r shner of the Univers i ty of 
Michigan. But on finer scales, a certain 
weave in the celestial tapestry becomes 

Four aspects. The evolving pancake universe 
(far left) shows neutrino-dense regions 
in characteristic cigarlike vertical filaments 
and in planar (horizontal, checkerboarcled 
region) pancakes. Additionally: the 
model's spherical, underdense neutrino 
concentration (right top], the cell structures 
that form in the course of a. numerical 
simulation (center), and the model's neutrino-
dense filaments'and knots. 

apparent. Many galaxies seem to be strung 
out along lengthy linked chains separated 
by large voids, not unlike a three-dimen
sional cosmic cobweb in which is imprinted 
important information about the origins 
and nature of the universe. 

" T h e universe was very uniform way 
back in the radiation era, right after the 
Big Bang," notes Princeton astrophysicist 
Jeremiah Ostriker. Indeed, the microwave 
background in the universe, the remnant 
echo of that primordial explosion, varies 
from place to place in the sky by only one 
part in ten thousand. "But now the universe 
is very lumpy," he points out. "How did 
it get from one state to the other?" Did 
supercluster-sized clouds of gas fragment 
to make galaxies? Or, as is also held, did 
small, galaxy-sized lumps form first and 
then cluster gravi ta t ional ly as the eons 
passed? Determining how voids and fila
ments best emerge from a homogeneous 
sea of particles may be the key to choosing 
between these competing views of cosmic 
organization. 

Redshif t surveys 

General acceptance of the existence of 
large-scale structure in the universe was 
initially hindered by technology: astron
omy 's inability to discern readily the dis
tance of faraway galaxies so that a three-
dimensional picture of galactic distribution 
could be cons t ruc ted . In 1929, Edwin 
Hubble and Milton Humason had described 
a redshifting, expanding universe in which 
galaxies move away at speeds proportional 
to their distance. The more distant a galaxy, 
the greater its relative velocity and the more 
its light is Doppler-shifted toward the red 
end of the spectrum. But in Hubble 's day, 
obtaining the redshift for a galaxy, hence 
its d is tance , could take several n ights . 
Today, except for some of the most dis
tant objects, sophisticated photon detectors 
can get the job done in minutes, enabling 
optical and radio astronomers to map the 
universe just beyond our nearest neighbors 
in greater detail. 

Some observers concentrate on sorting 
out -the topography of rich clusters; others 
conduct broad sweeps over large slices of 
the sky. According to two longtime redshift 
surveyors, Stephen Gregory of Bowling 
Green State University in Ohio and Laird 
Thompson of the University of Hawaii, 
these efforts have led to the growing 
awareness that the Local Supercluster is 
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not unique. Rather it is part of a larger 
celestial family. Some members: 

• Coma Supercluster. The Coma cluster 
has long been a famous landmark to ex-
tragalactic astronomers. It is located about 
300 million light-years away in the direction 
of the constellation Coma Berenices, and 
it contains more than 1,000 bright galaxies. 
Redshift surveys conducted over the last 
ten years suggest that it connects to another 
cluster called A1367—cluster No. 1367 in 
George Abell's catalog of rich clusters. "It 's 
a long, beaded string," says Gregory, "that 
stretches 100 million light-years from end 
to end." Moreover, there seems to be a 
vast region devoid of galaxies between the 
Local Supercluster and Coma. 

• Hercules Superc lus ter . As t ronomer 
Fritz Zwicky once called the assemblage 
of galaxies in the constellation Hercules 
" the largest conglomeration of matter so 
far known to us . " There, several clusters 
combine to form a band some 600 million 
light-years distant. Like Coma, it seems to 
have a vast empty region in front of it. 

Bartusiak is a free-lance science writer, 
based in Norfolk, Virginia, who regularly 
covers physics and astronomy. 

• Perseus Supercluster. In the Perseus 
region of the sky, the A426, A347, A262, 
NGC383, and NGC507 clusters line up to 
form a gently curving filament described 
as "like a cucumber" by Estonian astron
omers Mihkel Joeveer and jaan Einasto. 
Several groups have confirmed that the 
Perseus Supercluster spans about 40 de
grees in the sky, the width of 80 moons 
set side by side. " W e suspect it's much 
longer than that ," says Gregory, "perhaps 
up to 100 degrees," an astounding dimen
sion considering that the supercluster lies 
more than 200 million light-years from 
ear th . Once again, voids were s ighted 
nearby; the regions directly behind and in 
front of this chain appear to be empty. 

"Finding all these superclusters was not 
really unexpected, "notes Gregory. "People 
had been speculating about them for dec
ades. But the discovery of the voids was 
a major surprise." 

Researchers literally happened upon the 
largest one. To get a better handle on the 

average density of the universe, Michigan's 
Kirshner and his colleagues A u g u s t u s 
Oemler of Yale and Paul Schechter, now 
at the Mount Wilson Observatory, decided 
several years ago to probe deeply into a 
patch of sky around the Bootes constella
tion. "Nearby, the redshifts indicated a 
high density, reflecting the presence of 
the large Virgo cluster," recalls Kirshner. 
"But then, as we went farther out, the 
density went down dramatically." 

To follow this up, the group, which now 
includes S tephen Shec tman of M o u n t 
Wilson, eventually sampled 282 small areas 
within that region. "It was like stuffing 
282 knitting needles into a p u m p k i n to 
see if it has a hole in the middle ," says 
Kirshner. The result: not a single bright 
galaxy within a volume some 350 million 
light-years across. Normally, a region that 
big would contain up to 5,000 galaxies. 
"Of course, it doesn't have to be completely 
empty ," says Kirshner. "It might be filled 
with extremely faint dwarf galaxies or with 
gas that didn' t coalesce." But that In itself 
would be extraordinary. 

Top-down model 

Many supercluster observers have re
marked that their findings seem to support 
what is called a top-down theory of galactic 
formation, a model originated by Soviet 
theorist Yakov Zeldovich a decade ago. 
Zeldovich and his colleagues argue that 
flattened, supercluster-sized clouds formed 
first in the universe. Each of these pancakes, 
as the Soviets dubbed them, would have 
the mass of about 1015 suns and stretch 
over tens of millions of light-years. Tur 
bulence and shock waves, according to 
the model, would have fragmented these 
massive sheets into galaxies. T h e voids 
and filaments would naturally appear as 
the randomly oriented pancakes grew and 
intersected over time. 

R. Brent Tul ly of the Unive r s i ty of 
Hawaii, who recently completed a nine-
year radio survey of the Local Supercluster, 
reported, "The thinness of the disk of the 
supercluster, the extreme segregation of 
galaxies into a small fraction of the volume 
available, and the low local random motions 
are all evidence . . . in favor of the view
point that galaxies fragmented out of larger 
scale s tructure." In accord, Gregory points 
to recent studies on galactic orientations 
within superc lus te rs : " I n the Perseus 
Superclus ter , my g roup and o thers are 
finding that one galaxy knows where its 
neighbor is pointing. And this extends all 
across the filament. Spiral and elliptical 
galaxies are also found in different places 
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within the filament. This means they had 
to have formed out of a common cloud, 
rather than independently." Meanwhile, 
Ne ta Bahcall and Raymond Soneira of 
Princeton, who analyzed the redshifts of 
more than 100 rich clusters, concluded 
that cluster groupings are more strongly 
correlated than galaxy clustering. 

For a while, one question important to 
the notion that the largest features appeared 
first went begging. How could these large-
scale features have appeared so quickly in 
the early universe? The latest theories 
concerning the Big Bang suggest that that 
cataclysmic explosion gave rise to a unique 
spectrum of density fluctuations, a collec
tion of small- to large-scale perturbations 
that would prompt uniformly spread matter 
to start clumping. Zeldovich's model is 
based on the belief that fast-moving pho
tons in the early universe would tend to 
d a m p the galaxy-sized r ipples , g iv ing 
large-scale fluctuations the edge. 

T h e theory s tumbles briefly on the 
rea l iza t ion that there are not enough 
baryons around (the protons and neutrons 
that make up ordinary matter) to produce 
the right-sized pancakes. It recovers when 
one cons iders the missing mass of the 
universe. 

As t ronomers have come to realize in 
recent years that an invisible material 
pervades the cosmos, accounting for as 
much as 90 percent or more of the uni
verse's mass. Its presence is deduced from 
the fact that there is not enough luminous, 
baryonic mass in galactic clusters to hold 

the clusters together. Yet the clusters are 
obviously not flying apart. Where is the 
other mass that is providing the gravita
tional g lue? Since the total a m o u n t of 
luminous matter now seen in the heavens 
just about matches the density of baryons 
estimated to have been forged after the 
Big Bang, many physicists are convinced 
that the missing—or, more literally, in
visible—mass is nonba ryon ic , a more 
exotic species. 

Enthusiasm for this idea grew immensely 
four years ago when physic is ts in the 
United States and the Soviet Union inde
pendently announced that the supposedly 
massless neutr ino has a small rest m a s s -
some 30 electron volts. Neu t r inos ou t 
number baryons, the particles of ordinary 
matter, by a billion to one; giving them a 
tiny mass would have enormous implica
tions. Recent experiments have failed to 
confirm a nonzero rest mass for the neu
trino, but that hasn' t stopped a number 
of research groups—first in the Soviet 
Union , then in the United States and 
Europe—from going to their computers 
and asking, "If neutrinos did have mass, 
what would the universe look like?" In-
triguingly, a cosmos filled with massive 
neutrinos closely resembles many important 
aspects of our own. (See "The Lightweight 
Neutr ino Weighs In," by Margaret Silbar, 
Mosaic, Volume 11, Number 6.) 

Neutrino universe 

Joan Centrella of the University of Texas 
at Aust in and Adrian Melott of the Uni

versity of Chicago have been collaborating 
since 1982 in the simulation and graphic 
display of the evolution of a neutrino-filled 
universe. Their three-dimensional model 
r epresen t s a ga rgan tuan task that has 
required the use of the CRAY-1 supercom
puter at the Lawrence Livermore National 
Labora tory in California. The weakly 
interacting neutrinos are represented in this 
c o m p u t e r model by nearly one million 
collisionless particles set down in a three-
dimensional grid composed of 32,768 cells— 
32 cells to an edge. " O u r initial state is 
just after recombination," notes Centrella. 
Tha t would be about one million years 
after the Big Bang, when ordinary matter 
would have just decoupled from the radi
ation field. 

The Centrella-Melott model assumes that 
at that point the neutrinos, which spewed 
from the Big Bang at relativistic speeds, 
have already erased the small-scale density 
perturbat ions, leaving only the large scale 
to corral the ghostly particles. "The nice 
thing about neutr inos," says Melott, "is 
that if their mass is about 30 electron volts, 
then they naturally clump into clouds about 
a hundred million light-years across," just 
the size of today's superclusters—a coin
cidence hard to ignore. 

Centrella and Melott saw that gravita
tional interactions in their model condense 
the neutrinos at different rates in different 
d i rec t ions . If one axis collapses first, a 
pancake is produced. If two axes collapse 
faster than the third, a fi lament forms 
leaving spherical voids behind. 
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One could even envision this process as 
voids growing and coll iding, squash ing 
matter between them and setting off galaxy 
formation. The result is a cellular structure 
of interconnecting pancakes and cigar-like 
fi laments not un l ike the Swiss cheese 
appearance of our own universe. " A n d 
there's a flowing process going o n / ' adds 
Melott. "The flow of matter is from the 
pancakes into the filaments and then into 
the knots where filaments intersect." Per
haps that is why pancakes are not seen 
today, only the dense knots and filaments. 
Baryons were not included in the scheme. 
It is assumed that the neutrino clumps act 
as gravitat ional t raps d rawing ord inary 
matter in once it settles out of the Big Bang. 

Despite the similarities between a neu
trino universe and the observable cosmos, 
serious problems have cropped up in the 
simulations. Berkeley astrophysicists Carlos 
Frenk, Simon White, and Marc Davis came 
up with a nasty timing problem in their 
computer model. "The neutr inos," says 
White, "are producing voids and filaments 
much too efficiently. T h e universe is 
actually a lot messier." Adds Davis, " W e 
get structures that are reminiscent of the 
chains and voids seen in our universe. But 
the problem is, if you look at the structure 
and ask, 'When did it form?' you can see 
that this large scale structure is forming 
right now. There's no time for the galaxies 
to form, and that 's a tremendous contra
diction to the observations. We see globular 
clusters and quasars that are practically 
the age of the universe." 

Soviet theorists Anatoli Klipin and Sergei 
Shandarin found similar problems, as did 
Centrella and Melott. "If neutrinos are 
the only way to get the top-down process 
to work , " declares Davis , " t h e n top -
down is kaput ." 

Centrella, Melot t , as t rophysic is t Paul 
Shapiro of the Univers i ty of Texas at 
Austin, and others are not quite ready to 
dump the neutrino hypothesis until other 
factors are considered. "Galaxy formation," 
Shapiro cautions, "also depends on detailed 
hydrodynamics, not just the gravitational 
clustering of dark matter. The whole argu
ment against neutrinos fails if the dark 
matter and luminous matter are distributed 
differently in space." A number of re
searchers are only n o w a t t empt ing to 
simulate a baryon-neutr ino mix. 

As a start, Shapiro and Curtis Struck-
Marcell of Iowa State University, along 
with Melott, who was then at the Univer
sity of Pittsburgh, considered the case of 
baryons immersed in a one-dimensional 
neutrino pancake modeled to simulate Its 

th ree-d imens iona l coun te rpa r t . O n l y a 
fraction of the baryons managed to cool and 
fragment into galaxies in their computer-
generated pancake; close to 80 percent were 
left behind as hot, intergalactic gas. 

Shapiro admits this inefficiency places 
a severe constraint on the neutrino picture, 
but points out that the fraction, close to 
10 percent, of the baryons that do cool are 
more than enough to explain the observed 
density of luminous matter in the galaxies. 
Nonetheless, says Shapiro, working the 
problem out in three dimensions may be 
necessary "before we can claim to have 
the final answer." Tha t is the task that 
Centrella, Melott, and James Wilson of 
Livermore are now attempting. Dealing 
fully with such a three-dimensional scenario 
may first require substantial increases in 
available computer power. 

Bottom-up process 

The growing problems with the neutrino 
picture have revived interest in the other 
major theory of galactic formation: the 
bottom-up, or hierarchical clustering, proc
ess. This is a more conservative view long 
held by Princeton's P. James E. Peebles. 
Galaxies formed first, Peebles contends, 
then gathered gravitationally into clusters, 
and later superclusters, as the eons passed. 

Peebles, in collaboration with a long line 
of g radua te s tuden t s , has carried ou t a 
quantitative inves t igat ion of large-scale 
s t ruc ture . Using available cata logs on 
galactic posi t ions , the Pr ince ton g r o u p 
defined correlation functions to describe 
the amount of dumpiness in the universe. 
"The correlations calculated for hierarchical 
clustering come out looking a lot like the 
observed correlations," says James Fry of 
the University of Chicago, one of Peebles's 
former collaborators. 

Peebles does not believe that supe r -
clusters are primeval. He believes observa
tional evidence indicates that the super-
clusters are rather young. Only now are 
the Milky Way and the Virgo cluster being 
drawn toward each other. "To m e , " he 
says, "this is a symptom of a supercluster 
in the process of formation. If the Local 
Superclus ter had emerged before the 
galaxies formed, then today it would be 
more compact by a factor of five." 

As to the voids, "A cluster acts like a 
vacuum cleaner," points out astrophysicist 
J. Richard Gott of Princeton. "I t cleans 
out an area similar to itself. You often 
find big holes next to big clusters ." He 
believes a lot of the voids that are around 
are "perfect ly explainable in terms of 
gravitational clustering dynamics." None

theless, the bot tom-up process is hard-
pressed to accommodate empty regions the 
size of the Bootes void. " O n e Bootes void 
is not a problem," says Fry, who worked 
out its probability within the hierarchical 
model. "You can empty out as large a region 
as you want if you start early enough. But 
if there are lots of them, then it might 
become a problem." 

Nor is Peebles convinced that the fila
ments themselves are anything more than 
a statist ical f luke, the eye p i ck ing ou t 
patterns in a randomly clumpy distribution 
of clusters. Berkeley's Davis, who con
ducted a massive redshift survey for the 
Harvard-Smithsonian Center for Astro
physics a few years ago, is similarly cau
tious. He believes that the notion of voids 
and filaments has been exaggerated. Most 
galaxies, he contends, are not even asso
ciated with superclusters. 

Such imposition of order on chaos has 
not been unknown in astronomy. " In the 
1920s, some astronomers were even finding 
spiral structure in globular clusters," notes 
Peebles. "In order to decide whether there's 
some pr imeval physical s ignif icance to 
long chains of clusters, we're going to have 
to decide how many we expect from a 
random distribution and how many there 
really are." 

So far, statistical analyses along these 
lines have not been conclusive. At Prince
ton, Gott, John Moody, and Edwin Turner 
recently developed a computer algorithm 
to identify and count the filaments in a 
two-dimensional sky map that Peebles and 
Princeton's Ray Soneira generated, using 
the massive Shane-Wirtanen catalog of the 
million brightest galaxies in the nor thern 
sky. T h e y then compared t hem to the 
chains that seem to pop up by accident in 
a simulated sky map of hierarchical cluster
ing. "Filaments in the real s.ky do tend to 
be longer and brighter than the filaments 
found in hierarchical s imulat ions," says 
Gott. "But to the first order, they ' re strik
ingly similar. We expected the difference 
between the real sky and the hierarchical 
simulation to be much more dramatic. It 
puts a question into your mind . " 

Cold-matter universe 

Hierarchical clustering has taken on a 
new look as particle theor i s t s p rov ide 
additional candidates for the missing mass. 
"Neutr inos broke the dam," says Peebles. 

Gravitatioriai clustering. A sequence of 
slices (clockwise, from top, left) of a simulated 
neutrino-dominated universe as pancakes 
form and matter coalesces into clusters. 
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"Then people recognized that it needn' t 
be just- neutrinos that had mass. There 
could be other weakly interacting particles, 
as yet undetected, produced in the Big Bang. 
Suddenly, there was a whole zoo of possi
bilities." They include the axlon, a particle 
conceived to deal with certain aspects of 
the strong nuclear force, and a host of 
other entities that pop out of the equations 
as physicists attempt to unify the four 
fundamental forces of nature. Some of these 
supergrand unified theories predict that 
every particle seen today has a partner. 
The photon has its photino, for example, 
and the graviton—the alleged mediator of 
the gravitational force—its gravitino. 

In the par lance of physic is ts , these 
hypothetical particles are not as hot, or 
energetic, as neutrinos, so they will not 
wipe out the small-scale density perturba
tions as they condense out of the Big Bang. 
Because of this, these cold, slower-moving 
particles would first begin to gather into 
smaller c lumps—intr iguingly e n o u g h , 
clumps that are galaxy-sized and smaller. 
In support of this hypothesis, recent ob
servat ions are sugges t ing that the da rk 
matter does hover a round indiv idual 
galaxies instead of being distributed, as 
neut r inos would be, in massive c louds 
surrounding entire clusters. The bottom-up 
process, it seems, thus has a means of 
starting up. 

Computer simulations of a cold-matter 
universe, first by Mclott in collaboration 
with a team of Soviet theorists and then 
by the Berkeley group, also show promise 
in reproducing a universe much like the 
real one. "The distribution of particles starts 
out very uni form in their s i m u l a t i o n , " 
explains Berkeley's White, "bu t then be
comes mottled. Very small clumps form 
all over the place." 

At the same time, these clumps subtly 
start to line up into long strings, most 
likely in response to the large-scale fluc
tuations still present in the density per
turbation spectrum imprinted on the uni
verse. The final product, with its bubbly 
texture of voids and f i laments , closely 
resembles the real sky as depicted in the 
Shane -Wi r t anen map . T h e a m o u n t of 
dumpiness in the simulation even matches 
that measured by Peebles 's corre la t ion 
functions, a key indicator for any suc
cessful model. In addition, galaxies form 
early enough to satisfy the observational 
constraints. 

But the fit is not perfect. "Visually, it 
works quite well," notes White. "But only if 
omega is less than one ." Omega is the 
ratio of the observed mass density of the 

universe to the critical mass density neces
sary to close the universe; an omega less 
than one, meaning a strongly open uni
verse, is "consistent with current meas
u r e m e n t s , " Whi t e says , " b u t not w i th 
current particle physics theory." 

With omega equal to one, as predicted 
by the latest particle physics models of 
the Big Bang, the length scale of the 
simulation clustering turns out to be a third 
the size of that seen in the real sky. "But 
then," admits White, "we're looking at 
axions, not luminous matter. The hydro
dynamics and radiative processes of galaxy 
formation may modify things." Answering 
such questions, adds Davis, will require 
tenfold improvement in resolution, as many 
as 30 million particles in the simulation, 
and a million times the computer time. 
"This is the sort of problem," he says, 
"where a real breakthrough in supercom
puters could help t remendously." 

So far all of these " i n o " particles exist 
only on paper. "We must keep a cool head 
over all these theories," cautions Centrella. 
"One minor modification in a grand unified 
theory, or the mass of a gravitino, could 
change the whole picture." Adds Peebles: 
" W e don' t know if the universe is domi
nated by baryons, neutrinos, or axions. 
And that's the key. The missing mass will 
determine the physics ." 

Wi th the pros and cons weigh ing in 
about equally for both the top-down and 
bot tom-up processes, some are coming to 
suspect that each side may be right in its 
own way. "Everyone has timing problems," 
points out astrophysicist David Schramm 
of the University of Chicago. " T h e top-
down has problems with generating galaxies 
soon enough , while the b o t t o m - u p has 
trouble getting them into superclusters ." 

That led Schramm and Neil Turok , of 
the Institute of Theoretical Physics in Santa 
Barbara, California, to consider whether 
the initial density perturbations emitted 
by the Big Bang might be nonrandom. 
"It 's always been assumed that the per
turbations are random," explains Schramm, 
"that the small ones and large ones are 
occurring all over the place as some sort 
of white noise. Maybe they are correlated. 
You could visualize this as the smaller 
ripples fitting inside the envelope of one 
giant ripple." 

That would produce a model in which 
galaxies start forming at about the same 
time supercluster-sized clouds are forged. 
The two scales would end up working in 
concert with one another. Even Peebles 
has ventured that this might be the way 
to go. "It would mean that a galaxy that 's 

destined to end up in a supercluster would 
have an inkling of it in the early moments 
of the universe. It needn't be a large effect, 
perhaps an extra little tickle." T h e same 
effect would occur if there were two or more 
kinds of dark matter. No one is yet eager 
to tackle that very complicated scenario, 
however. " W e could do a lot if the dark 
matter is 50 percent neu t r inos and 50 
percent something else," remarks Berkeley's 
Davis . "But it 's ad hoc. Such fudging 
becomes artificial at this point ." 

Explosive amplification 

P r i n c e t o n a s t r o p h y s i c i s t s J e r e m i a h 
Ostriker and Lennox Cowie have consid
ered the possibility that galaxy formation, 
and the resultant construction of voids and 
filaments, need not rely entirely on primeval 
perturbations, but rather on natural hydro-
dynamic instabilities. "Once galaxy for
mation gets started, it can drive itself," 
says Ost r iker . " Jus t as star fo rmat ion 
induces more star formation in our own 
galaxy." He and Cowie propose that some 
kind of small-scale density fluctuation in 
the early universe first gave birth to massive 
stars that quickly ran through their cycle 
and released their energy. " T h e question 
is>," says Ostriker, "what happened to that 
energy? It's likely to have sent a shock 
wave propagating outward like a bomb 
explosion." 

All matter In the path of such a shock 
wave would be swept up into a thin shell, 
which would then fragment into new stars 
and galaxies; from there, the process would 
continue exponentially. After many cycles 
of this explosive-amplif icat ion process , 
the galaxies would end up arranged in 
flattened superclusters (the remnants of 
those fragmented shells) sur rounded by 
vast regions of nothingness; empty holes 
that could be as large as the Bootes void. 
This theory's weakness is in its assumption 
that massive stars will form to begin the 
cycle very quickly after the Big Bang. That 
is not known as yet. 

There may be some answers forthcoming 
as observers extend their redshift surveys 
to ever-widening and deeper regions of 
the sky. The na tu re of the m o n s t r o u s 
Bootes void may be revealed: Is It a statis
tical quirk, or is it one of many like it as 
yet undiscovered? And the farther out the 
surveys go, the more they will explore the 
evolutionary nature of the voids and fila
ments back in time. Considerable hope is 
being expressed that the Space Telescope, 
scheduled for launch into earth orbit in a 
few years, will help astronomers see if the 
clusters came first or the galaxies; whether 
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neutr ino clouds or cold-matter clumps, if 
either, control the fabric of space. A better 
look at the three-dimensional structure of 
the un ive r se will also help researchers 
de t e rmine the statistical validity of the 
universe 's seeming filamentary texture. 

" T h e problem with all these theor ies / ' 
British astronomer M. S. Longair remarked 
at a conference on large-scale structure 
several years ago, "is one of observational 
validation . . . [since] all models are designed 
to produce the observed universe at the 
present epoch . . . . The most promising test 
is the observation of fluctuations in the 
intensity of the microwave background 
radiation." Detecting tiny irregularities may 

and does this luminous matter really trace 
the true structure of the universe? 

Kirshner once compared this growing 
venture in astronomy to the great age of 
exploration that suddenly flowered in the 
fifteenth century. But now, he says, "the 
aim of this adventure is to bring back not 
gold or spices or silks but something more 
valuable: a map of the universe that will tell 
of its origin, its texture, and its fate." • 

The National Science Foundation con
tributes to the support of the research 
discussed in this article through its Galactic 
and Extra Galactic Astronomy and Gravi
tational Physics Programs. 

enable researchers better to trace the path 
from homogeneity to dumpiness . In the 
meantime, theoreticians will most surely 
remain at their computers extending the 
resolution of their simulations, as well as 
dealing with the complex hydrodynamics 
of galaxy formation. How do baryons settle 
out of the Big Bang when immersed in 
dark matter, they are beginning to ask, 


